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Preface

Antimicrobial resistance (AMR) has emerged as the most serious global health concern.
AMR hampers effective prevention and treatment of infections due to the ever-increasing
range of bacteria that are becoming more powerful because of the development of novel re‐
sistance mechanisms against existing and newer antibiotics. Although AMR occurs natural‐
ly in bacteria, indiscriminate use of antibiotics in the human health sector and in livestock
production is accelerating its development and spread to otherwise nonresistant bacteria
through different modes. Different agencies such as the World Health Organization recog‐
nized AMR as a global threat and emphasized the need for an improved and coordinated
global effort to control it.

An increasing number of infections, which were earlier easy to control, are now difficult to
treat due to the development of resistance, further leading to increased medical costs, longer
stays in hospital, and increased morbidity. Considering the prevailing scenario of antimicro‐
bial resistance, urgent and sincere efforts are required right from the level of individuals to
the level of policymakers to curb the resistance crisis. Moreover, there is a need to change
antibiotic usage behavior, wherein the way to prescribe and use antibiotics should be looked
into because unregulated usage of antibiotics is the most significant factor in the develop‐
ment of AMR.

To deal with this crisis, various aspects of AMR should be taken into consideration, includ‐
ing the study of prevailing antibiogram patterns among different bacteria from humans, ani‐
mals, and the environment; development of newer classes of antibiotics to combat resistance
mechanisms; detection of novel targets for antibiotics; reconsideration of conventionally
used drugs showing re-emergence of susceptibility; and development as well as evaluation
of alternative therapies.

This book contains seven chapters discussing different aspects of AMR. The first chapter is
an introduction to the magnitude of the problem of antibiotic resistance, its causes, and miti‐
gation strategies. The second chapter highlights the importance of antibiotic resistance in
zoonotic bacteria. The problem of indiscriminate use of antibiotics in animal production and
its role in the development of resistance is discussed in the third chapter. The fourth chapter
discusses the problem of antibiotic resistance in lactic acid bacteria, whereas Chapter 5 high‐
lights the development of resistance in wastewater treatment plants making them a signifi‐
cant source of environmental resistance. The sixth and seventh chapters describe alternative
therapies: medicinal plants and beneficial microbes, respectively.

I put this book together with strong belief that it will provide information to all researchers
working on the problem of AMR. The book will also help in understanding the seriousness
of the problem and the necessity of framing strategies and policies to control the develop‐
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ment and spread of antimicrobial resistance, in addition to the need for newer antibiotics
and alternative therapies.

My heartfelt gratitude goes to Dr. A. K. Tahlan, Director, CRI, Kasauli, for his unwavering
support throughout the book project. I would also like to thank my colleagues and subordi‐
nates for their unending motivation. Finally, my gratitude and love go to my family for their
continuous inspiration and support.

Dr. Yashwant Kumar
National Salmonella and Escherichia Centre/Diagnostic Reagents Laboratory

Central Research Institute
Kasauli (HP), India
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1. Antibiotics and antibiotic resistance in the pre-antibiotic era

Antibiotics are known to exist in the history of mankind since ancient times. They can be 
traced back to as early as 350–550 CE, when scientists found traces of tetracycline inhuman 
skeletal remains of ancient Sudanese Nuba [1]. This has led to the speculation that the diet 
of this population contained tetracycline. Even the red soils of Jordon which have been used 
since time immemorial to treat wounds have been shown to contain Actinomycete bacteria 
which produced actinomycin [2]. Antimicrobial activity is also present in many of the herbs 
used in traditional Indian Ayurvedic and Chinese medicines.

Antibiotics have saved countless lives, and at one point of time, we imagined that infectious 
diseases were conquered. Most of the advances of modern medicine including state of art sur-
geries and management of neutropenic, transplant and cancer patients are based on the use 
of effective broad-spectrum antibiotics. Thanks to the way we have handled these precious 
resources for treatment of variety of infectious diseases. However, we found to our dismay 
subsequently that we are stepping into the post-antibiotic era.

Antibiotic resistance genes have been present in nature long before the modern antibiotic era 
began. Some of the serine and metallo-beta-lactamases originated more than 2 million years 
ago [3]. It seems prudent to assume that the ancient bacteria had defence mechanisms (such as 
antibiotic altering enzymes or efflux pumps) to protect themselves from high antibiotic con-
centrations. Hence, the biosynthetic gene cluster that makes the “antibiotic” must also contain 
genes which confer “resistance” to these antibiotics, and many aspects of the resistome (col-
lection of all AMR genes in a specific bacteria or ecological niche) might have developed much 
before these antibiotics became prevalent in clinical practice.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Modern antibiotic era

Modern antibiotic era began in 1904–1910 with Paul Ehrlich and Alexander Fleming [4, 5]. 
Initially, it was limited to the discovery of chemicals like inorganic mercury salts and organo-
arsenic compounds to treat syphilis. It was Paul Ehrlich who introduced the systemic screen-
ing approach that is the cornerstone of modern drug research trials [4]. Paul Ehrlich and his 
team synthesised hundreds of organo-arsenic derivatives of a very toxic drug Atoxyl and 
tested them in rabbits infected with syphilis. This approach led to the discovery of Salvarsan 
and later to a sulfa drug (Prontosil). The serendipitous discovery of penicillin by Alexander 
Fleming in 1928 changed the history of infectious diseases [5]. It was Florey and Chain who 
led the pathway for purification of penicillin and later to its mass production [6]. Interestingly 
enough, Fleming was the one who sounded the warning bells regarding the development of 
resistance to the penicillin, if not used properly. So, in a nutshell, discovery of the first three 
antimicrobials, Salvarsan, Prontosil and penicillin paved the pathway for the discovery of 
newer antibiotics in future.

The golden era of discovery of newer antibiotics continued and lasted till 1970s when most of 
the major classes like tetracyclines, methicillin, gentamicin, etc. were discovered [7]. This was 
followed by apparent absence of newer drug discovery with occasional antibiotic making an 
appearance here and there. Simultaneously, we made each newly discovered antibiotic inef-
fective after its launch by extensive use and misuse for trivial illnesses. The prime example of 
this is the fluoroquinolone, ciprofloxacin [8]. It was one of the most active, broad-spectrum 
antibiotics which had minimum side effects and a very good bioavailability upon oral use and 
soon became a drug of choice for many infections. Its extensive usage for gastroenteritis and 
respiratory infections, which were mostly viral in origin, led to the development of high level 
of resistance especially in developing countries.

3. Antibiotic resistance: origin and current status

The first concern regarding antimicrobial resistance appeared with the observation of pen-
icillin resistant Staphylococcus in 1940 [7]. Initial few observations suggested that bacteria 
could destroy the drug by enzymatic degradation. Shortly thereafter, penicillin resistance 
became a substantial clinical problem. The first case of methicillin-resistant Staphylococcus 
aureus (MRSA) was identified in the United Kingdom in 1962 and in the United States 
in 1968 [9, 10]. In reality, this is true for many other pathogenic bacteria, including the 
Enterobacteriaceae, which have become resistant not only to the original penicillin but also 
to semisynthetic penicillins, cephalosporins and newer carbapenems [11]. Details about 
the development of the resistance in different classes of antibiotics are shown in the time-
line (Figure 1) [7]. Antimicrobial resistance often occurs through various mechanisms such 
as inhibition of cell wall synthesis, nucleic acid synthesis, ribosome function, protein syn-
thesis, folate metabolism and cell membrane function. The target can be (i) modified, as in 
the case of acetylation of aminoglycosides, (ii) destroyed (as the β-lactam antibiotics by the 
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action of β-lactamases) and (iii) pumped out from the cell as in efflux pump mechanisms 
of resistance [12].

Unfortunately, true burden of antimicrobial resistance (AMR) remains unknown. There are 
many hindrances in estimating the burden of AMR. Incongruent data is available from public 
and private sectors; data are often not collected properly and contain little information of 
patient follow up. These problems are intensified in low- and middle-socioeconomic coun-
tries due to problems of inadequate surveillance, poor laboratory infrastructure and limited 
access to the crucial antimicrobials. According to a study from Vietnam and Thailand, preva-
lence of stool carriage of extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli 
was 51.0 and 69.3%, respectively [13]. There is also an increasing prevalence of MDR Gram-
positive bacteria. Another study in Thailand and Indonesia showed that prevalence of MRSA 
carriage is around 8% in admitted patients [14, 15]. Similar or worse situation exists in other 
Asian countries including China, Pakistan, Bangladesh and India. Antimicrobial resistance 
is a global issue. Resistance genes spread throughout the world as recent database lists the 
existence of more than 20,000 potential resistance genes (r genes) of nearly 400 different types, 
predicted from available sequences [16]. It is difficult to estimate the exact AMR burden due to 
the lack of comprehensive and uniform data. Gram-negative bacteria possessing the capabili-
ties of producing extended-spectrum beta-lactamases (ESBL), AmpC beta-lactamases and car-
bapenemases have emerged as a therapeutic challenge for medical fraternity [17]. Enterococcus 
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeru-
ginosa, and Enterobacter species have been classified into a group known as “ESKAPE” due to 
their ability to escape the action of antimicrobials [18]. Multiple mechanisms of antimicrobial 
resistance have been acquired by carbapenem-resistant Enterobacteriaceae (CRE), P. aerugi-
nosa and A. Baumannii resulting in enhanced morbidity and mortality [19–23]. In the 1990s, 

Figure 1. Timeline showing antibiotic development and antimicrobial resistance.
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Figure 1. Timeline showing antibiotic development and antimicrobial resistance.
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emergence of ESBLs among different microorganisms on global level led to widespread and 
increased use of carbapenems giving rise to emergence of pandemic CRE [24]. The Centers for 
Disease Control and Prevention has categorised CRE as urgent and ESBL-producing Gram-
negative bacteria as serious antibiotic threats in the USA [10].

4. The scare and complexity of antibiotic resistance

The scale, to which antibiotic resistance has become a challenge in the treatment of the mod-
ern medicine, is scary to say the least. Every year, around 25,000 patients die of the infec-
tion with multidrug-resistant bacteria alone in the European Union [25]. In the United States 
alone, nearly 90,000 people die of hospital-acquired infections [26]. According to Jim O’Neill, 
>700,000 people die across the globe every year due to infections caused by multidrug-resis-
tant organisms [27]. In this study, it was predicted that by 2050, more than 10 million people 
will die because of multidrug-resistant bugs. Huge economic losses are also expected, leading 
to reduction of 2–3.5% in GDP; livestock production will fall by 3–8%, costing the world up 
to $100 trillion [27]. Developing countries in Africa and South Asia will be the worst affected.

AMR is not only a problem of human medicine but also an ecological problem. Microbes have 
proved not only smarter than humans in developing new arsenal but also have armies in the 
form of biofilms. It looks like humans may be losing the arms race to bacteria, and the advent 
of the post-antibiotic era is imminent.

5. Causes of the antibiotic resistance crisis

5.1. Overuse

Antibiotic consumption is the single most important risk factor for emergence and spread 
of resistant bacterial strains. In many countries including India, antibiotics are easily avail-
able over the counter even without a prescription [28]. Moreover, antibiotics are plentiful 
and cheap also. This non-prescription use of drugs varies from 19 to 90% in various countries 
outside the United States and Europe, which is a matter of serious concern [29]. The prob-
lem has been compounded by the online purchase of these products, which further facilitate 
the self-medication. Some surveys reported that patients often do not know that they were 
prescribed an antimicrobial and the true proportion of patients using antimicrobials is prob-
ably higher than the reported [30, 31]. On the other hand, there are instances where patients 
demand antibiotics from their clinicians.

5.2. Inappropriate prescriptions

Incorrectly prescribed antibiotics contribute majorly to the burden of resistant bacteria. 
Several studies have observed that indication, choice of the antibiotics and duration of 
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treatment are incorrect in almost 30–50% of cases [32, 33]. Extensive usage occurs in ICUs 
and high-dependency units, and there too approximately, 30–60% of the usage is unneces-
sary or incorrect [33]. Studies from pharmacies of Vietnam show that 90% of antimicrobials 
are sold without a proper prescription [34]. Upper respiratory tract infections (URTI) are 
good example, for which antimicrobial are commonly prescribed over the counter. This 
illustrates the overuse of antimicrobials for a condition that is often self-limiting and gen-
erally of viral aetiology. Suboptimal doses of any antibiotic further promote the genetic 
alterations as well as mutagenesis in the bacteria which lead to the development of multi-
drug resistance in them.

5.3. Extensive use in livestock sector

Antibiotics are widely used as growth promoters and to prevent infections in the live-
stock sector. In the United States alone, an estimated 80% of the sold antibiotics are used 
in farm animals [7]. In 2010, India was one of the world’s largest consumers of antibiot-
ics in the veterinary sector [35]. The resistant bacteria reach the consumers through food 
animal products, mainly meat. These bacteria constitute large pools of AMR genes that 
can be transferred to humans and pathogenic bacteria by natural horizontal gene transfer 
mechanisms. These bacteria, although some may only be transient and do not colonise 
the intestinal tract, reside long enough to interact with the host microbiota and may pos-
sibly acquire or release genes. They can also act as opportunistic pathogens in susceptible 
hosts and probably play a key role in the evolution and dissemination of AMR. The use of 
antibiotics in food not only leads to the emergence and spread of resistant bacteria but also 
can be hazardous to many types of nontargeted environmental microorganisms. High con-
centrations of therapeutic antibiotics tend to be lethal to most bacterial strains leaving little 
opportunity for selection of subpopulations that have low or intermediate resistant traits. 
On the other hand, low levels of antibiotics in environment like soil, water and sewage 
become grounds for the selection of resistant microorganisms leading to the development 
of resistant gene pool or resistome [7, 12].

5.4. Availability of few new antibiotics

Investment in antibiotic development research is no longer considered as an economically 
wise decision for pharmaceutical companies [36]. According to a study conducted in London, 
it was calculated that the net present value (NPV) of new antibiotics is only about $50 million, 
compared to approximately $1 billion for a drug used to treat a neuromuscular disease [37].

Other reasons include low cost of antibiotics, regulatory barriers and tendency to save the 
new drug for serious infections. In spite of global warnings issued by many agencies, very few 
new drug discoveries fail to keep pace with worsening resistance scenario. As declared by the 
CDC in 2013, the human race is moving into a new era of infectious disease: the post-antibiotic 
period [38]. Here are few examples of the MDR organisms which are considered a substantial 
threat to the humankind. They have been divided as “urgent,” “serious” or “concerning” by 
CDC [24, 39] (Figure 2).
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6. Solutions: do we have any?

There is an urgent need to strategize to save the existing antimicrobials. We can perform that 
by following means to improve the existing ones, discover novel antibiotics, dig up the old so-
called toxic compounds, scale up antibiotic stewardship, use inter-sectorial multidisciplinary 
approaches, educate the public and clinician’s alike and reduce the antibiotics in livestock and 
agriculture to name a few [12].

6.1. New targets/approaches

Soil and marine environments appear to be rich ecological niches to discover new agents and 
so do the plants and animals. Co-trimoxazole was a perfect example of targeting two enzymes 
in a metabolic pathway producing synergism. Compounds can be synthesised artificially to 
target more than one mechanism. There is important role of whole genome sequencing and 
metagenomics to find the new targets.

Figure 2. Urgent, concerning and serious threats with respect to development of antimicrobial resistance.
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We hope that novel hitherto unknown mechanisms of antibiotic resistance will be revealed 
which can be exploited to find new targets. The drugs targeting anti-virulence mechanisms 
are an attractive strategy and have shown some promising results. Other interesting approach 
may be to target/alter untapped metabolic pathways like fatty acid synthesis, proton motive 
force, quorum sensing, signal transduction, efflux pumps, etc. [12]. Many of such compounds 
are currently in experimental stages.

6.2. Repurposing of compounds

Some of the compounds are already approved by FDA for treatment of metabolic disorders 
and cancers also have antimicrobial properties and can be repurposed, e.g., the compound 
BPH-652 that inhibits squalene synthase involved in cholesterol biosynthesis and also inhib-
its dehydrosqualene synthase involved in virulence in Staphylococcus aureus, hence a good 
candidate for Methicillin-resistant Staphylococcus aureus (MRSA) [12].

6.3. Considering conventional drugs

The drugs used in the past, which have been revived and now are used to treat the infections 
caused by Gram-negative bacteria, include colistin, fosfomycin, temocillin and rifampicin [17].

6.4. Combination therapy

Finding a suitable antimicrobial treatment option for some of the highly drug-resistant bac-
teria can be really daunting, and many times, clinicians resort to using combinations without 
data pertaining to their efficacy. The main drugs in these combinations are polymyxins and 
tigecycline; however, additional drugs comprise carbapenems, tigecycline, fosfomycin, ami-
noglycosides, and rifampicin [17] where data on randomised control trials of these drugs is 
also lacking. The factors which need to be taken into account before an appropriate combina-
tion is used includes the targeted organism and its susceptibility profile, co-morbidities pres-
ent in the patient and the site of the infection. More studies including pharmacokinetic and 
pharmacodynamics studies are required to find the ideal combinations [40].

6.5. Phage therapy

Phages have the advantage of high specificity for their hosts without any notable adverse 
effects. They were historically in use in Europe for treatment of bacterial infections such as 
skin/wound infections, urinary tract infections, ear infections and even osteomyelitis [41]. 
New interest has been generated in phage therapy, and it may turn out to be a useful adjunct 
to antibiotics. Coupling antibiotics with phages or inhibitors of enzymes appears to be an 
attractive strategy which may succeed in many cases [41].

7. Prevention of further spread of AMR

The extent to which AMR has spread is due to the selective pressure provided by extensive anti-
biotic consumption and usage. Strategies to curtail the human use of antibiotic include antibiotic 
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stewardship, public awareness to avoid self-medication, use of antibiotics in therapeutic doses 
and for appropriate length of time and education and counselling to patients not to pressurise 
the clinician into prescribing antibiotics for trivial illnesses. Development of new rapid diagnos-
tic point of care tests will inform the clinician not to use antibiotics in the viral infections.

7.1. Regulation in human as well livestock sector

Though a sticky and complex issue, regulation of unprescribed antibiotics is essential espe-
cially in developing countries. There should be the rule of “prescription-only medicines” sim-
ilar to various international guidelines [42]. In the veterinary and agriculture set-up, antibiotic 
usage is linked to economic gains. Scandinavian countries set up a good example to follow by 
not using antibiotics as growth promoters, and they do have the least AMR issues [43].

7.2. Antibiotic stewardship

Antimicrobial stewardship refers to “The optimal selection, dosage, and duration of anti-
microbial treatment that results in the best clinical outcome for the treatment or preven-
tion of infection, with minimal toxicity to the patient and minimal impact on subsequent 
resistance” [44]. Hence, antimicrobial stewardship basically aims at helping each patient 
receive the appropriate treatment without adverse effects of antibiotic use. These pro-
grammes are beneficial in reducing treatment failures, decreasing health-care associated 
infections and also reducing antibiotic resistance while proving economically beneficial 
to the hospital.

7.3. Connecting human, animal and environmental health: One Health Approach

In 2003, in an interview, a journalist used the word “One Health” by saying that “Human or 
livestock or wildlife health can’t be discussed in isolation anymore-there is just one health” 
[45]. Since then “One Health” concept has gained more recognition in the public health and 
animal health communities. “One Health” is a collaborative approach among various sec-
tors and disciplines to achieve optimal health outcomes emphasising the relation between 
humans, animals, plants and environment shared by them [46]. This is the need of the hour 
because many diseases are zoonotic in nature, and microbes harbouring drug-resistant genes 
have no barriers. Now the WHO and CDC have also adopted this approach.

8. Conclusions

The AMR is marching globally and threatens to undo the extraordinary advancements 
achieved in human medicine. Coordinated efforts are required across the globe to manage 
this great crisis. It is time we learn from our mistakes and gather our act together to outsmart 
the bacteria. All said and done, microbes do have an evolutionary advantage of nearly 4 bil-
lion years and have learnt to survive the onslaught of antibiotics. We can learn from them by 
using the sophisticated molecular approaches we have. Antimicrobial resistance is not only a 
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human health problem but is an ecological challenge as well. It is up to the human race to take 
up this challenge and save the world from this menace.
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Abstract

Antimicrobial resistance in the food chain is currently a subject of a major interest. The 
excessive use or rather misuse of antimicrobials coupled with a poor hygiene in the food 
production chain has led to a rise of resistant zoonotic bacteria, commonly transmitted 
by food. They pose a serious threat to human health. Campylobacteriosis is the lead-
ing bacterial food-borne illness and most commonly reported zoonosis in humans in the 
European Union for more than a decade. Salmonellosis is most frequently diagnosed in 
food-borne outbreaks. Fluoroquinolones are considered as critically important for treat-
ment of severe cases of both zoonoses in humans. Due to an extremely prevalent resistant 
isolates, especially from broilers and meat, also the treatment of human Campylobacter 
infections with fluoroquinolones has become compromised. Salmonella isolates from 
poultry and poultry meat tend to be highly resistant to fluoroquinolones as well. Beside 
the resistance to this group of antibiotics, the threat of multiple drug resistant (MDR) 
Campylobacter and Salmonella strains is discussed in the light of most recent reports of 
animal, food and human clinical surveillance systems.

Keywords: Campylobacter, Salmonella, antimicrobial resistance, food safety, food 
production chain, multiple drug resistance

1. Introduction

Antimicrobials are indispensable in human medicine for treating and preventing infectious 
diseases. In addition, the same classes of antimicrobials are extensively used in livestock not 
only for the treatment and prevention of infections but also for the growth promotion [1]. The 
latter has, however, been banned in the European Union (EU) since 2006 [2].
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The amounts of antimicrobials utilised in livestock are vast and often exceed those in humans. 
Data suggest that in the EU approximately 70% of antimicrobials were sold for use in live-
stock in 2014 [3]. The consumption of antimicrobials in humans and animals has indeed been 
associated with the occurrence of antimicrobial resistance (AMR) in zoonotic bacteria [3], 
which are the causative agents of zoonoses and can be transmitted directly between animals 
and humans or via the food chain. AMR in zoonotic bacteria is a subject of major concern.

Even though AMR is an ancient and naturally occurring phenomenon in some bacteria [4], the 
excessive use of antimicrobials in humans and livestock, as well as poor hygiene conditions 
and practices in the food production chain, accelerates the emergence of resistance in zoonotic 
bacteria [5]. The alarming consequence of AMR coupled with the paucity of novel antimicro-
bials is the rise in the frequency of multidrug resistant (MDR) zoonotic bacteria that may lead 
to an impaired response to antimicrobial therapy or ultimately even treatment failure [6].

The most current data regarding AMR in zoonotic bacteria are published annually by 
European Food Safety Authority (EFSA) and European Centre for Disease Control and 
Prevention (ECDC), but usually with a two-year delay in publishing. According to the recent 
report on AMR in zoonotic bacteria in 2016 [5], resistance in Salmonella and Campylobacter 
is considered of the highest concern. The scope of this review is, therefore, to discuss and 
emphasise the current trends of AMR in Salmonella and Campylobacter in the light of the recent 
EFSA/ECDC report, and the role of whole genome sequencing (WGS) in the surveillance of 
AMR in Salmonella and Campylobacter along the food production chain.

2. Common zoonoses in Europe

For more than a decade, campylobacteriosis has been the most common zoonosis in Europe. 
Salmonellosis is the second most commonly reported enteric infection, and the leading cause 
of food-borne outbreaks. Campylobacter and Salmonella combined accounted for almost 95% of 
the reported and confirmed zoonoses cases in 2016 (Figure 1).

Salmonellosis is a food-borne gastrointestinal infection caused by zoonotic bacteria Salmonella 
spp. Several thousand serovars of Salmonella spp. enterica exist, yet only some are causing dis-
ease symptoms. Nontyphoidal serovars are transmitted via the food chain, whereas typhoi-
dal serovars, the causative agents of typhoid fever, are restricted to humans [8]. Whilst the 
majority of nontyphoidal Salmonella infections are self-limiting and do not require any anti-
biotic treatment, some cases result in life-threatening systemic infections that must be treated 
with antimicrobials, primarily fluoroquinolones (FQ) or third-generation cephalosporins [5]. 
Resistance to these drugs may jeopardise the efficiency of the antimicrobial therapy.

Campylobacter spp. are common gut commensals of several animal species, especially birds [9], 
and the leading cause of gastroenteritis in humans, yet the infections often go unreported. The 
majority of campylobacterioses are caused by two species, namely Campylobacter jejuni and 
Campylobacter coli. Symptoms of campylobacteriosis are also usually mild and self-limiting, 
although some patients with acute infections that can trigger autoimmune inflammatory con-
ditions need to be treated with antimicrobials, primarily macrolides and FQ [5]. Emergence of 
resistance in Campylobacter is common and thus of concern.

Antimicrobial Resistance - A Global Threat14

In the Member States (MS) of the EU monitoring and reporting data on zoonoses and AMR 
for Salmonella and Campylobacter from animals, food, feed and humans are mandatory [10]. 
Comparing AMR data from different countries and assessing trends has long been challeng-
ing due to inadequate harmonisation of the methodology and reporting among the MS [11]. 
Recently, great progress has been made in terms of harmonisation of AMR surveillance pro-
grams, especially for food animals and foods with the new legislation [12]. In addition, a 
protocol for harmonised monitoring of AMR in humans has been developed [13], but it is not 
a legal document that would obligate the MS to its implementation.

3. Salmonella

3.1. Prevalence of nontyphoidal Salmonella in the food chain

According to the recent report on trends and sources of zoonoses, zoonotic agents and food-
borne outbreaks in 2016 published by EFSA/ECDC [7], the declining trend of salmonellosis in 
Europe has ended. In 2016, there were 94,530 confirmed cases of salmonellosis with the high-
est notification rate per 100,000 population in Eastern Europe (in average 46.9 per 100,000), 
mostly on the account of Czech Republic (110) and Slovakia (97.7), followed by Northern 
(20.6), Western (18.8) and Southern Europe (13.0). Additionally, Salmonella was most regu-
larly detected in food-borne outbreaks (22.3%), which have resulted in the highest burden of 
hospitalisations (45.6% of the total number of hospitalised cases) and deaths (50% of the total 
number of deaths among outbreak cases) [7]. Outbreaks were linked to several sources, e.g., 
Polish eggs [14], infant formula [15] and sesame seeds [16].

Salmonella was the most prevalent in meat from turkeys (7.74% of the samples tested positive) 
and from broilers (6.39%), as well as dried seeds (8.0%) [7], which are an important source 
of infections, especially due to a long shelf life and low moisture [17]. Chicken, turkey and 
other avian species are commonly inhabited with Salmonella without noticeable symptoms 
[18], which is in addition to the practices in the food production chain [19], considered the 
highest risk for contamination of meat products. Even though Salmonella was significantly 
less frequently detected in eggs and their products, they remain the most important source 

Figure 1. Common zoonoses in Europe in 2016. STEC: Shiga toxin-producing Escherichia coli [7].
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According to the recent report on trends and sources of zoonoses, zoonotic agents and food-
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est notification rate per 100,000 population in Eastern Europe (in average 46.9 per 100,000), 
mostly on the account of Czech Republic (110) and Slovakia (97.7), followed by Northern 
(20.6), Western (18.8) and Southern Europe (13.0). Additionally, Salmonella was most regu-
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hospitalisations (45.6% of the total number of hospitalised cases) and deaths (50% of the total 
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Salmonella was the most prevalent in meat from turkeys (7.74% of the samples tested positive) 
and from broilers (6.39%), as well as dried seeds (8.0%) [7], which are an important source 
of infections, especially due to a long shelf life and low moisture [17]. Chicken, turkey and 
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[18], which is in addition to the practices in the food production chain [19], considered the 
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less frequently detected in eggs and their products, they remain the most important source 

Figure 1. Common zoonoses in Europe in 2016. STEC: Shiga toxin-producing Escherichia coli [7].
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of outbreaks [14, 20], most probably due to a large worldwide consumption coupled with 
low concentrations of Salmonella that cannot be detected [7]. Rapid methods with improved 
sensitivity are thus needed to address this shortfall, e.g., real-time recombinase polymerase 
amplification [21] or sequence-based methods.

3.2. Antimicrobial resistance in nontyphoidal Salmonella spp.

The most recent data (from 2016) on AMR in Salmonella from poultry, meat thereof, and 
humans are provided by EFSA/ECDC [5], whereas data on other livestock are presented in 
the last-year report [22]. Generally, as shown in Figure 2, the isolates of Salmonella spp. along 
the food production chain tend to be highly resistant to tetracyclines and ciprofloxacin (in 
average in the EU up to 65%), sulfonamides (56%) and ampicillin (45%) with the highest 
observed frequency in poultry, meat thereof and pigs, respectively (Figure 2). Resistance 
rates seemed to be higher in Southern or Eastern Europe than in Northern or Western Europe 
[5, 22]. Such extreme rates of resistance that could indeed reflect an extensive use of these 
three antimicrobials in livestock [23] are of concern and could be facilitating further dissemi-
nation of AMR.

Sulfonamides and ampicillin were the former first-line drugs against salmonellosis [24]. 
Nevertheless, ampicillin, a critically important antimicrobial [25], is used for treating commu-
nity acquired pneumonia, complicated severe acute malnutrition and sepsis in neonates and 
children [26]. In contrast, sulfonamides and tetracyclines are classified as highly important 
antimicrobials [25]. Sulfonamides are the first-line drugs against urinary tract infections and 
tetracyclines against Chlamydia trachomatis and cholera [26].

Figure 2. Prevalence of resistance in Salmonella spp. AMP: ampicillin, SUL: sulfonamides, CIP: ciprofloxacin, TET: 
tetracyclines [5, 22].
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FQ resistance to ciprofloxacin or nalidixic acid that is reflecting similar genetic mechanisms 
[11] was remarkably high in isolates from poultry meat (Figure 2), followed by poultry [5] and 
has steeply increased since 2004 [27]. That is of concern, because FQ are in addition to third-
generation cephalosporins clinically important for the treatment of salmonellosis and several 
other infections, yet both may be used in livestock.

3.3. FQ resistance and third-generation cephalosporins resistance in Salmonella

Broiler meat (64.7%), broilers (53.8%), turkey (50.5%) and turkey meat (43.7%) were the main 
sources of FQ resistance. In contrast, isolates from pigs, humans and laying hens had bet-
ter susceptibility (Figure 3) [5, 22]. The ranges of FQ resistance, however, varied extremely 
among the countries and even regions. In Spain, for example, isolates from pigs in Catalonia 
(50%) [28] and humans in Extremadura (35%) [29] exhibited much higher levels of FQ resis-
tance than reported by EFSA/ECDC for Spain (7 and 14.8%, respectively).

FQ resistance in isolates from broilers and meat thereof was in average most prevalent in 
Southern (62.2, 70.1%, respectively) and Eastern Europe (65.5, 71.5%, respectively) and 
exceeded 90% in Cyprus, Slovenia and Croatia (Figure 4). Of note, only a minority of the MS 
from Northern Europe reported these data [5]. A rapid increase in FQ resistance is evident 
in Europe, for instance, in isolates from broilers in Spain resistance increased from 0 [30] to 
55.6% in just a few years.

Figure 3. Rates of FQ resistance in isolates of Salmonella spp. from various sources: broiler meat, broilers, turkeys, turkey 
meat, laying hens, humans and pigs, respectively [5, 22].

Figure 4. Prevalence of FQ-resistant isolates of Salmonella spp. from broilers, meat thereof and humans in Europe. UK: 
United Kingdom [5].
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In contrast, the proportions of FQ resistance in humans were significantly lower (11%) [5] and 
has remained at a relatively stable level since 2009 [31]. The biggest share of FQ resistance 
was detected in Northern Europe, mostly on the account of Estonia (36.0%), Finland (26.3%), 
Norway (24.7%) and Ireland (22.9%) (Figure 4). Human-associated serovars commonly 
detected in Europe [32–35] that frequently exhibited FQ resistance were S. Infantis (23.4%) 
and S. Kentucky (85.8%) [5].

FQ resistance is a result of a complex mechanism, but it is still not fully understood [36]. Many 
point mutations in the genes encoding for gyrase and topoisomerase, the two enzymes that 
are inhibited by FQ, were identified as the causative agents [37]. In addition, plasmids may 
harbour genes for efflux pumps, target protection proteins or drug-modifying enzymes [38].

Resistance to third-generation cephalosporins was rare in humans as well as in livestock [5], 
yet when combined with FQ resistance, it poses a serious risk to human health, in terms of 
reducing the efficiency of these drugs against salmonellosis and thus leaving only the reserve 
antimicrobials as a feasible therapy option [24]. Resistance to cephalosporins is conferred by 
genes encoding for AmpC β-lactamase as well as for various extended spectrum β-lactamase 
(ESBL) that can be located on plasmids. Such isolates were observed in Germany [39] and are 
assumed to have clonally spread from livestock to humans. Worryingly, in Portugal, more 
than a third of the isolates from broiler meat (39.4%) exhibited resistance to cefotaxime and 
ceftazidime and in Italy 12% from broilers [5]. In addition, combined resistance to FQ and 
cephalosporins was detected in poultry and humans in Spain, Belgium and France [40, 41].

Salmonella in the food production chain presents an important reservoir of genetic resistance 
determinants, which could be mobilised and transferred via the food chain to either other 
human pathogens or commensal bacteria [42]. Notably, importation of meat products [43] 
and travelling in endemic areas [44], where the rates of resistance to critically important anti-
microbials are alarmingly high [45], were linked to the global spread of MDR strains.

3.4. MDR and combined resistance to fluoroquinolones and third-generation 
cephalosporins

In general, 26.5% of the human isolates of Salmonella and 50.3% of broiler meat displayed 
MDR phenotype (defined as resistant to at least three antimicrobials of the nine antimicro-
bial classes tested). The highest prevalence of MDR isolates from humans was observed in 
Portugal (51%) and from broiler meat in Slovenia (100%) [5]. MDR strains isolated from pigs 
in Germany were associated with integrons, which might have an important role in dissemi-
nation of resistance [46].

The majority of MDR isolates belonged to serovars S. Infantis and S. Kentucky. Among human iso-
lates of S. Kentucky, which is the seventh most common serovar, MDR was recorded at extremely 
high levels (76.3%) [5]. S. Kentucky ST198 clone that is displaying high-level resistance to ciproflox-
acin and frequently also to amoxicillin, streptomycin, spectinomycin, gentamicin, sulfamethoxa-
zole and tetracycline has been imported from North Africa and has been widely spread across 
Europe in humans and food production chain [32]. In addition, acquisition of extended-spectrum 
β-lactamase, plasmid-encoded cephalosporinase or carbapenemase in this clone was detected in 
Mediterranean area [47] and in Poland [33]. Combined resistance was also detected in S. Kentucky 
from humans and livestock in Belgium, Luxembourg, Malta, the Netherlands and Germany [5].
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S. Infantis was the most prevalent serovar in broilers and the fourth among human infec-
tions. Multi-drug resistance to FQ, sulfonamides and tetracyclines was observed frequently 
in the isolates from broilers (75.3%), broiler meat (72.6%), as well as in isolates from humans 
in two MS (Austria and Slovenia) that together with Hungary and Croatia accounted for a 
majority of the S. Infantis isolates from broilers. This indicates the presence of a specific MDR 
clone prevalent in this geographical region [5]. In addition, resistance to cephalosporins was 
recorded in the isolates from either humans, food or poultry in Great Britain [48], Switzerland 
[34], Italy [35], as well as in the USA [49], in some cases located on a plasmid and thus con-
ferring a risk of transfer. Such strains can be transmitted from broilers and broiler meat to 
humans and may lead to human infections [35].

4. Campylobacter

4.1. Prevalence of Campylobacter in the food chain

Whilst Campylobacter, with 246,307 confirmed infections in 2016 and 6.1% increase relative to 
2015, accounted for the majority of zoonoses in Europe, the death toll was low (0.03%). The 
highest notification rate per 100,000 population was observed in Eastern Europe (71.4), fol-
lowed by Western (65.7), Southern (56.3) and Northern Europe (55.0). Czech Republic (228.2) 
and Slovakia (140.5) were the countries with the highest prevalence [7].

Campylobacters were most frequently detected in turkeys (65.3%) and meat thereof (11%) as 
well as in broilers (27.3%) and meat thereof (36.7%) [7], making the poultry food production 
chain the main source of contamination. This is in concordance to data from several reports 
[50, 51]. The prevalence in retail poultry meat was, however, reported even up to almost 90% 
[50]. Campylobacter was also detected in cattle [52], pigs [53] and sheep [54]. Contaminated 
farm environment or equipment as well as the presence of Campylobacter in other animals and 
wildlife, were significantly associated with the prevalence of Campylobacter in poultry [55]. 
Furthermore, recent data suggest that human clinical C. jejuni isolates in Central Europe can 
be attributed to domesticated poultry, cattle livestock and environmental sources [56].

Outbreaks can be traced back to several sources (e.g., raw milk [57], water [58] and chicken liver 
pate [59]) and even associated with antimicrobial-resistant strains [57]. However, a limited number 
of highly contaminated products are most probably responsible for the majority of Campylobacter 
infections. Effective and harmonised surveillance systems, especially in the poultry food produc-
tion chain, that are oriented towards categorising risks should thus be established [50].

4.2. Antimicrobial resistance in Campylobacter

Campylobacter spp. in 2016 displayed extremely high resistance levels to FQ, which is par-
ticularly worrisome, as FQ are used as the first-line drugs against campylobacteriosis. 
Consequently, in some EU countries, FQ therapy of campylobacteriosis is no longer feasible. 
In average, the highest share of resistant isolates was detected in poultry and meat thereof, 
especially in the Member States of Southern and Eastern Europe (Figure 5) [5]. Data suggest 
that the use of FQ in livestock, specifically pigs, selects for FQ-resistant strains and accelerates 
the dissemination of such strains [60].
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In general, resistance to erythromycin, the second clinically important antimicrobial for 
treating campylobacteriosis, is generally uncommon; however, more resistant isolates were 
detected in pigs (21.6% in 2015), as seen in Figure 5 [22], which could reflect a wide use 
of macrolides for the treatment of common infections in pigs [61]. In contrast to C. jejuni 
from humans (2.1%), markedly higher erythromycin resistance level was observed in C. coli 
(11.0%), with the highest proportion in Estonia (63.2%) and Portugal (50%). Similar trends 
could be observed in isolates from livestock and food [5]. Similarly, high levels of resistance 
(62.4%) were recorded in C. coli from pigs in Spain [22] and even higher in Campylobacter 
isolates from poultry meat in Italy (72.1%) [62].

Resistance to macrolides in Campylobacter most commonly occurs via chromosomal mutations 
in 23S rRNA [63] that reduces the binding affinity of macrolides to the binding site. These 
mutations were, however, demonstrated to have a fitness cost and to slow growth rates [64]. 
Recently, transferrable erythromycin resistance, conferred by the rRNA methylase erm(B) 
gene and located on either plasmids or associated with chromosomal multidrug resistance 
genomic islands, was detected in humans and livestock [65].

Southern Europe in average recorded higher prevalence of resistance to tetracyclines, which 
may also be used for the treatment of campylobacteriosis in humans, and is, in addition to 
FQ resistance, a very common feature [5]. Marked variations in tetracycline resistance could 
be observed between C. coli and C. jejuni, countries and sources of isolation. Resistance rates 
varied from very low (<10%) in C. coli from pigs in Sweden [66], moderate in Campylobacter 
spp. from cattle in Poland (20.9%) [52], C. jejuni from broiler carcasses in Belgium (47%) [67] 
and C. jejuni from chicken meat in France (53.6%) [51] to extremely high in isolates of C. coli 
from pigs in France (93%) [66], as well as Campylobacter spp. from quails in Portugal (96.7%) 
[68]. In general, C. coli exhibited higher resistance levels [5].

Figure 5. Prevalence of resistance in Campylobacter spp. ERM: erythromycin, CIP: ciprofloxacin, TET: tetracyclines [5, 22].
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4.3. FQ resistance and combined/MDR resistance in Campylobacter

FQ resistance first emerged in Southeast Asia early in the 1990s with a rapid increase from 0 to 
84% over the period of 4 years [69] and has been widely spread to the other parts of the world, 
which might be due to an enhanced fitness of FQ-resistant isolates [70]. Significant portion 
of infections with FQ-resistant Campylobacter could be acquired through travel [71]. Extreme 
rates of FQ resistance in endemic areas [72] are therefore of concern.

In Europe, FQ resistance in Campylobacter spp. was extremely high, but it varied among the 
sources of isolation, species and countries. In average, isolates of C. coli exhibited markedly 
higher resistance rates than isolates of C. jejuni. As seen in Figure 6, turkey (96.8% in C. coli 
and 76.2% in C. jejuni) and meat thereof (100% in C. coli, 74.5% in C. jejuni) presented the main 
sources of resistance, closely followed by broilers and meat thereof [5].

A rapid increase in FQ resistance in Campylobacter is evident in the last 14 years [27]. In 
Slovenia, for instance, the resistance level to nalidixic acid rapidly increased in isolates from 
broiler meat from 49.1% in 2001–2003 [73] to 78.6% in 2006 [11]. In 2016, in average, 77.3% of 
Campylobacter spp. from broilers exhibited FQ resistance [5]. Recent data suggest the presence 
and clonal spread of FQ-resistant C. jejuni clonal complex ST-21 in central Europe (Slovenia, 
Germany, Austria) [74].

FQ resistance in C. jejuni (Figure 7) from broilers (in average 66.9%) varied from 8.4% in 
Finland to 97.9% in Latvia [5]. Furthermore, in 2014, Latvia reported on 100% resistant isolates 

Figure 6. Sources and prevalence of FQ-resistant isolates of C. jejuni (turkey, turkey meat, broilers, broiler meat and 
human, respectively) and C. coli (turkey meat, turkeys, broilers, broiler meat, humans and pigs, respectively) [5, 22].

Figure 7. Rates of FQ resistance in C. jejuni from broilers and humans, in C. coli from humans and combined resistance 
to FQ and erythromycin in C. coli from humans [5].
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Figure 5. Prevalence of resistance in Campylobacter spp. ERM: erythromycin, CIP: ciprofloxacin, TET: tetracyclines [5, 22].
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4.3. FQ resistance and combined/MDR resistance in Campylobacter

FQ resistance first emerged in Southeast Asia early in the 1990s with a rapid increase from 0 to 
84% over the period of 4 years [69] and has been widely spread to the other parts of the world, 
which might be due to an enhanced fitness of FQ-resistant isolates [70]. Significant portion 
of infections with FQ-resistant Campylobacter could be acquired through travel [71]. Extreme 
rates of FQ resistance in endemic areas [72] are therefore of concern.

In Europe, FQ resistance in Campylobacter spp. was extremely high, but it varied among the 
sources of isolation, species and countries. In average, isolates of C. coli exhibited markedly 
higher resistance rates than isolates of C. jejuni. As seen in Figure 6, turkey (96.8% in C. coli 
and 76.2% in C. jejuni) and meat thereof (100% in C. coli, 74.5% in C. jejuni) presented the main 
sources of resistance, closely followed by broilers and meat thereof [5].

A rapid increase in FQ resistance in Campylobacter is evident in the last 14 years [27]. In 
Slovenia, for instance, the resistance level to nalidixic acid rapidly increased in isolates from 
broiler meat from 49.1% in 2001–2003 [73] to 78.6% in 2006 [11]. In 2016, in average, 77.3% of 
Campylobacter spp. from broilers exhibited FQ resistance [5]. Recent data suggest the presence 
and clonal spread of FQ-resistant C. jejuni clonal complex ST-21 in central Europe (Slovenia, 
Germany, Austria) [74].

FQ resistance in C. jejuni (Figure 7) from broilers (in average 66.9%) varied from 8.4% in 
Finland to 97.9% in Latvia [5]. Furthermore, in 2014, Latvia reported on 100% resistant isolates 

Figure 6. Sources and prevalence of FQ-resistant isolates of C. jejuni (turkey, turkey meat, broilers, broiler meat and 
human, respectively) and C. coli (turkey meat, turkeys, broilers, broiler meat, humans and pigs, respectively) [5, 22].

Figure 7. Rates of FQ resistance in C. jejuni from broilers and humans, in C. coli from humans and combined resistance 
to FQ and erythromycin in C. coli from humans [5].
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of Campylobacter from chicken [75]. In humans, the highest rates of FQ resistance were reported 
for C. coli from Italy and Portugal (100%) and in for C. jejuni from Portugal and Estonia (>90%). 
Notably, 9 out of 19 EU MS recorded 80–100% resistance rates for C. coli (Figure 7) [5].

Overall, 9.2% of human C. coli exhibited combined resistance to ciprofloxacin, erythromy-
cin and tetracycline with resistance rates ranging from 0 to 57.9% (Estonia), which is shown 
in Figure 7 [5]. Erythromycin resistance is often associated with MDR phenotype [63]. In 
Finland, for example, 94.7% of Campylobacter isolates from humans were, in addition to eryth-
romycin, resistant to FQ, and 73.7% to tetracycline [76]. Combined resistance to the first-line 
drugs may be associated with adverse events such as delayed recovery, invasive illness and 
prolonged treatment with feasible alternative antimicrobials [77, 78].

FQ resistance in C. jejuni and C. coli can be mediated through specific point mutations in 
gyrA gene, encoding for DNA gyrase or through chromosomally encoded multidrug efflux 
pump. The two mechanisms work synergistically [79]. Efflux pumps in Campylobacter, pri-
marily CmeABC, are involved in resistance to broad spectrum of antimicrobials, including 
macrolides and quinolones [80], as well as cross-resistance to other compounds such as bile 
salts [81]. Therapeutic application of efflux pump inhibitors (e.g., epigallocatechin gallate) 
that were shown to restore macrolide efficacy could be a feasible treatment option in combina-
tion with the macrolide therapy [80, 82–84].

5. The role of whole genome sequencing in the surveillance of 
antimicrobial resistance of common zoonotic bacteria

The EU harmonised system on the monitoring and reporting of antimicrobial resistance in 
zoonotic and commensal bacteria (EC Decision 2013/652/EU; EFSA, EDSA) [12] is based on 
the phenotypic assessment of AMR of selected bacterial species (Salmonella, Campylobacter, 
E. coli) in selected food-producing animal species (poultry, pigs, cattle) and food products 
(chicken, pork, beef meat), using dilution methods (ISO standard 20776-1:2006, ISO standard 
20776-2:2007) and EUCAST epidemiological cut-off values (ECOFF-values) as interpretative 
criteria (EC Decision 2013/652/EU) [12]. In accordance with this legislation, 170 isolates are 
examined for antimicrobial susceptibility to a panel of 15 antimicrobial substances, for each 
combination of bacterial species and type of sample of animal population or food category 
each year by each member state. In 2016, ECDC also published EU protocol for harmonised 
monitoring of antimicrobial resistance in human Salmonella and Campylobacter isolates, aimed 
to increase the comparability of AMR data collected at the EU level from different Member 
States, and to improve the comparison of data among human isolates and isolates from ani-
mals and food products [13]. Beside dilution method as a preferred method, disk diffusion 
and gradient strip diffusion method are also allowed.

On the isolate level, genotyping of human isolates is also recommended, in terms of the 
assessment of resistance mechanisms and detection of the epidemic spread of resistance, par-
ticularly multi-drug resistant Salmonella, but it is not required in reporting [13].
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In recent years, the development of high-throughput technologies and platforms for massive 
DNA sequencing, and genomics tools has opened new possibilities also in the surveillance of 
AMR in common zoonotic bacteria. WGS, together with appropriate databases, general (NCBI, 
ENA) or specialised for AMR (ARG-ANNOT, ResFinder, CARD, RED-DB, Bacmet), bioinfor-
matic tools (BLAST) and platforms enable detection of antibiotic resistance genetic loci in the 
genomes of bacterial isolates or microbiomes and reveal the mechanisms leading to AMR. While 
WGS offers very rapid and efficient tool for detection of the antibiotic resistance genes (ARG) 
in genomes of individual bacterial isolates, the main issue remains how to predict from these 
data the actual antimicrobial susceptibility, and epidemiological or clinical cut-off values [85]. 
However, differentiation among isolates with acquired or intrinsic resistance on the basis of phe-
notypic MIC determinations only is also not totally accurate. Furthermore, it should be consid-
ered that also the strains that contain the genes associated with antimicrobial resistance but do 
not exhibit phenotypic resistance present certain risk for the horizontal spread when consumed.

The usefulness of WGS for antimicrobial resistance surveillance was confirmed in several 
studies. Examination of 640 nontyphoidal Salmonella isolates from retail meat and human 
clinical samples identified known resistance genes and phenotypic resistance to 14 antimi-
crobials, where the correlation between resistance genotypes and phenotypes was close to 
100% for most classes of antibiotics, and lower for aminoglycosides and beta-lactams [86]. 
In addition to known ARG, several unique resistance genes were found, more in the human 
isolates (n = 59) than in the retail meat isolates (n = 36). The authors concluded that the use of 
more appropriate MIC breakpoints and inclusion of new AGSs in the databases will further 
improve the correlations between phenotypic and genotypic observations. For Salmonella 
typhimurium isolates (n = 50) from Danish pigs, high concordance (99.74%) between pheno-
typic and predicted antimicrobial susceptibility was observed as well [87]. Phenotypic resis-
tance to quinolones and fluoroquinolones due to chromosomal mutations, however, could 
not be detected by ResFinder platform.

Genomic approach is increasingly used also in the developing of control methods and iden-
tification of antimicrobial resistance markers for evidence-based decisions in epidemiology 
and surveillance of foodborne diseases. OMICS datasets have been found as a powerful tool 
to complement current studies that are starting to be used also in some risk assessment areas. 
In a current comprehensive study “Syst-OMICS,” 4500 Salmonella genomes will be sequenced 
and analysis pipeline built in order to study Salmonella genome evolution, antibiotic resistance 
and virulence genes [88]. The data of the first 3377 genomes already sequenced are stored in 
the newly established Salmonella Foodborne Syst-OMICS database (SalFoS, https://salfos.ibis.
ulaval.ca/). Their analysis identified 1003 unique resistomes, composed of combinations of 
195 different genes. Surprisingly, the two most frequently observed resistomes accounted for 
23% of the Salmonella strains examined.

Comparative genomics of the WGS was successfully used also in the examination of 589 
Campylobacter isolates from retail chicken meat exhibiting phenotypic resistance to 9 antimicro-
bials [89]. For most antimicrobial agents (ciprofloxacin, nalidixic acid, gentamicin, azithromycin, 
erythromycin and clindamycin), the observed phenotypic resistance, determined on the basis 
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romycin, resistant to FQ, and 73.7% to tetracycline [76]. Combined resistance to the first-line 
drugs may be associated with adverse events such as delayed recovery, invasive illness and 
prolonged treatment with feasible alternative antimicrobials [77, 78].

FQ resistance in C. jejuni and C. coli can be mediated through specific point mutations in 
gyrA gene, encoding for DNA gyrase or through chromosomally encoded multidrug efflux 
pump. The two mechanisms work synergistically [79]. Efflux pumps in Campylobacter, pri-
marily CmeABC, are involved in resistance to broad spectrum of antimicrobials, including 
macrolides and quinolones [80], as well as cross-resistance to other compounds such as bile 
salts [81]. Therapeutic application of efflux pump inhibitors (e.g., epigallocatechin gallate) 
that were shown to restore macrolide efficacy could be a feasible treatment option in combina-
tion with the macrolide therapy [80, 82–84].

5. The role of whole genome sequencing in the surveillance of 
antimicrobial resistance of common zoonotic bacteria

The EU harmonised system on the monitoring and reporting of antimicrobial resistance in 
zoonotic and commensal bacteria (EC Decision 2013/652/EU; EFSA, EDSA) [12] is based on 
the phenotypic assessment of AMR of selected bacterial species (Salmonella, Campylobacter, 
E. coli) in selected food-producing animal species (poultry, pigs, cattle) and food products 
(chicken, pork, beef meat), using dilution methods (ISO standard 20776-1:2006, ISO standard 
20776-2:2007) and EUCAST epidemiological cut-off values (ECOFF-values) as interpretative 
criteria (EC Decision 2013/652/EU) [12]. In accordance with this legislation, 170 isolates are 
examined for antimicrobial susceptibility to a panel of 15 antimicrobial substances, for each 
combination of bacterial species and type of sample of animal population or food category 
each year by each member state. In 2016, ECDC also published EU protocol for harmonised 
monitoring of antimicrobial resistance in human Salmonella and Campylobacter isolates, aimed 
to increase the comparability of AMR data collected at the EU level from different Member 
States, and to improve the comparison of data among human isolates and isolates from ani-
mals and food products [13]. Beside dilution method as a preferred method, disk diffusion 
and gradient strip diffusion method are also allowed.

On the isolate level, genotyping of human isolates is also recommended, in terms of the 
assessment of resistance mechanisms and detection of the epidemic spread of resistance, par-
ticularly multi-drug resistant Salmonella, but it is not required in reporting [13].
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ENA) or specialised for AMR (ARG-ANNOT, ResFinder, CARD, RED-DB, Bacmet), bioinfor-
matic tools (BLAST) and platforms enable detection of antibiotic resistance genetic loci in the 
genomes of bacterial isolates or microbiomes and reveal the mechanisms leading to AMR. While 
WGS offers very rapid and efficient tool for detection of the antibiotic resistance genes (ARG) 
in genomes of individual bacterial isolates, the main issue remains how to predict from these 
data the actual antimicrobial susceptibility, and epidemiological or clinical cut-off values [85]. 
However, differentiation among isolates with acquired or intrinsic resistance on the basis of phe-
notypic MIC determinations only is also not totally accurate. Furthermore, it should be consid-
ered that also the strains that contain the genes associated with antimicrobial resistance but do 
not exhibit phenotypic resistance present certain risk for the horizontal spread when consumed.

The usefulness of WGS for antimicrobial resistance surveillance was confirmed in several 
studies. Examination of 640 nontyphoidal Salmonella isolates from retail meat and human 
clinical samples identified known resistance genes and phenotypic resistance to 14 antimi-
crobials, where the correlation between resistance genotypes and phenotypes was close to 
100% for most classes of antibiotics, and lower for aminoglycosides and beta-lactams [86]. 
In addition to known ARG, several unique resistance genes were found, more in the human 
isolates (n = 59) than in the retail meat isolates (n = 36). The authors concluded that the use of 
more appropriate MIC breakpoints and inclusion of new AGSs in the databases will further 
improve the correlations between phenotypic and genotypic observations. For Salmonella 
typhimurium isolates (n = 50) from Danish pigs, high concordance (99.74%) between pheno-
typic and predicted antimicrobial susceptibility was observed as well [87]. Phenotypic resis-
tance to quinolones and fluoroquinolones due to chromosomal mutations, however, could 
not be detected by ResFinder platform.

Genomic approach is increasingly used also in the developing of control methods and iden-
tification of antimicrobial resistance markers for evidence-based decisions in epidemiology 
and surveillance of foodborne diseases. OMICS datasets have been found as a powerful tool 
to complement current studies that are starting to be used also in some risk assessment areas. 
In a current comprehensive study “Syst-OMICS,” 4500 Salmonella genomes will be sequenced 
and analysis pipeline built in order to study Salmonella genome evolution, antibiotic resistance 
and virulence genes [88]. The data of the first 3377 genomes already sequenced are stored in 
the newly established Salmonella Foodborne Syst-OMICS database (SalFoS, https://salfos.ibis.
ulaval.ca/). Their analysis identified 1003 unique resistomes, composed of combinations of 
195 different genes. Surprisingly, the two most frequently observed resistomes accounted for 
23% of the Salmonella strains examined.

Comparative genomics of the WGS was successfully used also in the examination of 589 
Campylobacter isolates from retail chicken meat exhibiting phenotypic resistance to 9 antimicro-
bials [89]. For most antimicrobial agents (ciprofloxacin, nalidixic acid, gentamicin, azithromycin, 
erythromycin and clindamycin), the observed phenotypic resistance, determined on the basis 
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of the comparison of measured MICs with established ECOFF cut-off values, was in accordance 
with the presence of the known resistance genes or mutations. In the case of telithromycin, how-
ever, the observed point mutations in the 23S rRNA, which is a well-known mechanism of resis-
tance to these classes of antimicrobials, did not regularly cause phenotypic resistance. Another 
recent study on C. jejuni isolates from the poultry (n = 502) demonstrated successful use of 
genomics in the study of fluoroquinolone resistance [90]. The isolates were clustered according 
to the presence/absence of the gyrA mutations causing fluoroquinolone resistance. Beside the 
WGS of isolates from the mentioned study, previously published (ENA) Campylobacter genomes 
were included in the comparative analyses of the genomes. Although no significant associations 
were found between trade patterns, antimicrobial use in livestock and population of C. jejuni, 
this approach proved to be successful, especially when big datasets are available.

In conclusion, comparative genomics of WGS is increasingly used in the prediction of phe-
notypic antimicrobial resistance and surveillance of antimicrobial resistance of common zoo-
notic bacteria. However, as it is based on the detection of already known ARG, the success is 
highly dependent on the quality of databases, which need to be regularly updated with newly 
discovered resistance mechanisms and well-curated.

6. Conclusion

Antimicrobial resistant zoonotic bacteria pose a serious risk to human health. High rates of 
FQ resistance in both Salmonella and Campylobacter are of concern due to their wide use for the 
treatment of human infections. In some regions of the EU, the level of FQ resistance is so high 
that Campylobacter infections cannot be treated with FQ anymore. In addition, the emergence 
of multi-drug resistant Salmonella and Campylobacter further limits the therapy options and is 
possibly associated with adverse treatment effects. Greater efforts are needed to limit the wide 
spread of AMR in zoonotic bacteria—implementation of antimicrobial stewardship, especially 
in the developing countries, development of novel antimicrobials, improvement of practices in 
the food production chain, reduction of the amounts of antimicrobials sold for use in livestock, 
improvement of AMR surveillance programs, in terms of greater harmonisation, and applica-
tion of rapid sequence-based methods in the routine surveillance of antimicrobial resistance.
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of the comparison of measured MICs with established ECOFF cut-off values, was in accordance 
with the presence of the known resistance genes or mutations. In the case of telithromycin, how-
ever, the observed point mutations in the 23S rRNA, which is a well-known mechanism of resis-
tance to these classes of antimicrobials, did not regularly cause phenotypic resistance. Another 
recent study on C. jejuni isolates from the poultry (n = 502) demonstrated successful use of 
genomics in the study of fluoroquinolone resistance [90]. The isolates were clustered according 
to the presence/absence of the gyrA mutations causing fluoroquinolone resistance. Beside the 
WGS of isolates from the mentioned study, previously published (ENA) Campylobacter genomes 
were included in the comparative analyses of the genomes. Although no significant associations 
were found between trade patterns, antimicrobial use in livestock and population of C. jejuni, 
this approach proved to be successful, especially when big datasets are available.

In conclusion, comparative genomics of WGS is increasingly used in the prediction of phe-
notypic antimicrobial resistance and surveillance of antimicrobial resistance of common zoo-
notic bacteria. However, as it is based on the detection of already known ARG, the success is 
highly dependent on the quality of databases, which need to be regularly updated with newly 
discovered resistance mechanisms and well-curated.

6. Conclusion

Antimicrobial resistant zoonotic bacteria pose a serious risk to human health. High rates of 
FQ resistance in both Salmonella and Campylobacter are of concern due to their wide use for the 
treatment of human infections. In some regions of the EU, the level of FQ resistance is so high 
that Campylobacter infections cannot be treated with FQ anymore. In addition, the emergence 
of multi-drug resistant Salmonella and Campylobacter further limits the therapy options and is 
possibly associated with adverse treatment effects. Greater efforts are needed to limit the wide 
spread of AMR in zoonotic bacteria—implementation of antimicrobial stewardship, especially 
in the developing countries, development of novel antimicrobials, improvement of practices in 
the food production chain, reduction of the amounts of antimicrobials sold for use in livestock, 
improvement of AMR surveillance programs, in terms of greater harmonisation, and applica-
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Abstract

A surge in the development and spread of antibiotic resistance has become a major 
cause for concern. Over the past few decades, no major new types of antibiotics have 
been produced and almost all known antibiotics are increasingly losing their activity 
against pathogenic microorganisms. The levels of multi-drug resistant bacteria have also 
increased. It is known that worldwide, more than 60% of all antibiotics that are produced 
find their use in animal production for both therapeutic and non-therapeutic purposes. 
The use of antimicrobial agents in animal husbandry has been linked to the development 
and spread of resistant bacteria. Poultry products are among the highest consumed prod-
ucts worldwide but a lot of essential antibiotics are employed during poultry produc-
tion in several countries; threatening the safety of such products (through antimicrobial 
residues) and the increased possibility of development and spread of microbial resistance 
in poultry settings. This chapter documents some of the studies on antibiotic usage in 
poultry farming; with specific focus on some selected bacterial species, their economic 
importance to poultry farming and reports of resistances of isolated species from poultry 
settings (farms and poultry products) to essential antibiotics.
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1. Introduction

Antibiotic resistance (AR) which is defined as the ability of an organism to resist the killing 
effects of an antibiotic to which it was normally susceptible [1] and it has become an issue of 
global interest [2]. This microbial resistance is not a new phenomenon since all microorganisms 
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have an inherent capacity to resist some antibiotics [3]. However, the rapid surge in the devel-
opment and spread of AR is the main cause for concern [4]. In recent years, enough evidence 
highlighting a link between excessive use of antimicrobial agents and antimicrobial resistance 
from animals as a contributing factor to the overall burden of AR has emerged [5]. The extent 
of usage is expected to increase markedly over coming years due to intensification of farming 
practices in most of the developing countries [6]. The main reasons for the use of antibiotics in 
food-producing animals include prevention of infections, treatment of infections, promotion 
of growth and improvement in production in the farm animals [7, 8].

Poultry is one of the most widespread food industries worldwide. Chicken is the most com-
monly farmed species, with over 90 billion tons of chicken meat produced per year [9]. A 
large diversity of antimicrobials, are used to raise poultry in most countries [10–12]. A large 
number of such antimicrobials are considered to be essential in human medicine [13, 14]. The 
indiscriminate use of such essential antimicrobials in animal production is likely to accelerate 
the development of AR in pathogens, as well as in commensal organisms. This would result 
in treatment failures, economic losses and could act as source of gene pool for transmission to 
humans. In addition, there are also human health concerns about the presence of antimicro-
bial residues in meat [15, 16], eggs [17] and other animal products [18, 19].

Generally, when an antibiotic is used in any setting, it eliminates the susceptible bacterial 
strains leaving behind those with traits that can resist the drug. These resistant bacteria 
then multiply and become the dominating population and as such, are able to transfer (both 
horizontally and vertically) the genes responsible for their resistance to other bacteria [1, 20]. 
Resistant bacteria can be transferred from poultry products to humans via consuming or 
handling meat contaminated with pathogens [21]. Once these pathogens are in the human 
system, they could colonize the intestines and the resistant genes could be shared or trans-
ferred to the endogenous intestinal flora, jeopardizing future treatments of infections caused 
by such organisms [5, 22–24].

2. Use of antibiotic in animal production

Antimicrobials’ use in animal production dates as far back as the 1910 when due to shortage 
of meat products, workers carried out protests and riots across America [25]. Scientists at that 
time started looking for means of producing more meat at relatively cheaper costs; resulting 
in the use of antibiotics and other antimicrobial agents [26]. With the global threat of anti-
biotic resistance and increasing treatment failures, the non-therapeutic use of antibiotics in 
animal production has been banned in some countries [8, 27–29]. Sweden is known to be the 
first country to ban the use of antimicrobials for non-therapeutic purposes between 1986 (for 
growth promotion) and 1988 (for prophylaxis) [27]. This move was followed by Denmark, 
The Netherlands, United Kingdom and other European Union countries [27]. These coun-
tries also moved a step further and banned the use of all essential antibiotics as prophylactic 
agents in 2011 [30].

Several other countries have withdrawn the use of some classes of antibiotics or set up struc-
tures that regulate the use of selected antibiotics in animal production [29]. Despite these 

Antimicrobial Resistance - A Global Threat34

developments, it is currently estimated that over 60% of all antibiotics produced are used in 
livestock production, including poultry [6, 31].

The use of antibiotics in poultry and livestock production is favorable to farmers and the 
economy as well because it has generally improved poultry performance effectively and eco-
nomically but at the same time, the likely dissemination of antibiotic resistant strains of patho-
genic and non-pathogenic organisms into the environment and their further transmission to 
humans via the food chain could also lead to serious consequences on public health [32].

3. Antimicrobial resistance

Bacteria counteract the actions of antibiotics by four well-known mechanisms, namely; 
enzyme modification, alteration in target binding sites, efflux activity and decreased permea-
bility of bacterial membrane [33]. This expression of resistance towards antibiotics by bacteria 
could either be intrinsic or acquired. Intrinsic resistance is due to inherent properties within 
the bacteria chromosome such as mutations in genes and chromosomally inducible enzyme 
production [34], whereas acquired resistance could be due to the transmission of resistance 
genes from the environment and/or horizontally transfer from other bacteria [35, 36].

4. Antibiotic resistance of some selected organisms in poultry

4.1. Staphylococcus species

The bacterial genus Staphylococcus is a Gram-positive cocci and a facultative anaerobe which 
appears in clusters when viewed under the microscope [37]. They are etiological agents of 
staphylococcosis, pododermatitis (bumblefoot) and septicaemia which affect mostly chicken 
and turkeys. Coagulase-negative species have also been implicated in human and animal 
infections [38, 39].

β-lactams were considered the first line of drugs for treatment of staphylococcal infections but 
due to emergence of high level of resistance to these and other drugs, there are currently very 
few drugs available for treatment of these infections [40]. Methicillin resistant Staphylococcus 
aureus (MRSA), now known as a superbug, is resistant to almost every available antibiotic 
used against Staphylococcus [41].

A study to detect the presence of MRSA in broilers, turkeys and the surrounding air in 
Germany reported the prevalence of MRSA in air as high as 77% in broilers compared to 54% 
in Turkeys. Ten different spa types were identified with spa type t011 and clonal complex (CC) 
398 being the most prevalent. It was also found that for every farm, the same sequence types 
were present in both the birds and the environment [42]. This pattern of resistance was also 
reported in India with 1.6% of staphylococcal isolates containing mecA resistant gene [43].

In Africa, studies carried out in Ghana and Nigeria have shown that livestock-associated 
Staphylococci are susceptible to amoxicillin/clavulanic acid, amikacin, ciprofloxacin, gentamycin  
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have an inherent capacity to resist some antibiotics [3]. However, the rapid surge in the devel-
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from animals as a contributing factor to the overall burden of AR has emerged [5]. The extent 
of usage is expected to increase markedly over coming years due to intensification of farming 
practices in most of the developing countries [6]. The main reasons for the use of antibiotics in 
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large diversity of antimicrobials, are used to raise poultry in most countries [10–12]. A large 
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developments, it is currently estimated that over 60% of all antibiotics produced are used in 
livestock production, including poultry [6, 31].
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4. Antibiotic resistance of some selected organisms in poultry
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The bacterial genus Staphylococcus is a Gram-positive cocci and a facultative anaerobe which 
appears in clusters when viewed under the microscope [37]. They are etiological agents of 
staphylococcosis, pododermatitis (bumblefoot) and septicaemia which affect mostly chicken 
and turkeys. Coagulase-negative species have also been implicated in human and animal 
infections [38, 39].

β-lactams were considered the first line of drugs for treatment of staphylococcal infections but 
due to emergence of high level of resistance to these and other drugs, there are currently very 
few drugs available for treatment of these infections [40]. Methicillin resistant Staphylococcus 
aureus (MRSA), now known as a superbug, is resistant to almost every available antibiotic 
used against Staphylococcus [41].

A study to detect the presence of MRSA in broilers, turkeys and the surrounding air in 
Germany reported the prevalence of MRSA in air as high as 77% in broilers compared to 54% 
in Turkeys. Ten different spa types were identified with spa type t011 and clonal complex (CC) 
398 being the most prevalent. It was also found that for every farm, the same sequence types 
were present in both the birds and the environment [42]. This pattern of resistance was also 
reported in India with 1.6% of staphylococcal isolates containing mecA resistant gene [43].

In Africa, studies carried out in Ghana and Nigeria have shown that livestock-associated 
Staphylococci are susceptible to amoxicillin/clavulanic acid, amikacin, ciprofloxacin, gentamycin  
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and cephalexin [39, 44], whereas in the US, most of the staphylococcal isolates were suscep-
tible to rifampin, cotrimoxazole, gentamycin, vancomycin and chloramphenicol [45, 46]. It is 
worth noting that most of these organisms showed a high level of resistance to oxacillin and 
tetracycline, which would be disastrous if these oxacillin-resistant strains are transferred to 
humans [39, 44, 45].

4.2. Pseudomonas species

Pseudomonas is a genus of Gram-negative, aerobic bacteria that belongs to the family 
Pseudomonadaceae [47]. The genus Pseudomonas is ubiquitous in soil, water and on plants. 
It consists of 191 subspecies belonging to species groups including P. fluorescens, P. pertucino-
gena, P. aeruginosa, P. chlororaphis, P. putida, P. stutzeri and P. syringae. Pseudomoniasis, which 
is an opportunistic P. aeruginosa infection, is common in poultry birds like chickens, turkeys, 
ducks, geese and ostriches where infections in eggs destroy embryos [48].

P. aeruginosa causes respiratory infection, sinusitis, keratitis/keratoconjuctivitis and septice-
mia and responsible for pyogenic infections, septicemia, endocarditis and lameness along 
with many diverse diseases [49]. Infections may occur through skin wounds, contaminated 
vaccines and antibiotic solutions or needles used for injection. The disease may be systemic, 
affecting multiple organs and tissues or localized in tissues as infraorbital sinus or air sacs 
producing swelling of the head, wattles, sinuses and joints in poultry birds. P. aeruginosa has 
been isolated from many poultry farms and birds worldwide [49].

A study carried out in Ghana show that P. aeruginosa isolated from poultry litter were all sus-
ceptible to levofloxacin in the range of 20–100% and nearly 75% demonstrated intermediate 
susceptibility to aztreonam. The organisms showed resistance to cephalosporins, carbapen-
ems, penicillins, quinolones, monobactam and aminoglycoside. Metallo β-Lactamase encoding 
genes (blaIMP, blaVIM) were not detected in any of the isolates but the class 1 integron which 
is known to carry multiple antibiotic resistant genes were detected in 89.4% of the multi-drug 
resistant strains [50]. This is contrary to a report by Zhang and his Colleagues [51], who identi-
fied the blaVIM gene in P. aeruginosa and P. putida from chicken that resembled corresponding 
regions in clinical isolates of P. aeruginosa. These isolates were resistant to all β-lactam antibiot-
ics tested, including meropenem, imipenem, aztreonam, and ceftazidime [33, 51].

Another study in Nigeria reported that the P. aeruginosa isolates were highly resistant to 
β-lactams, tetracycline, tobramycin, nitrofurantoin and sulfamethoxazole-trimethoprim, while 
ofloxacin, imipenem and ertapenem were highly effective against the bacterial pathogens [52].

In Pakistan, a study which investigated the causative agents for necropsy in chicken, recorded 
a 28% prevalence for P. aeruginosa. These isolates were found to be 100% resistant towards 
ceftriaxone, meropenem, ciprofloxacin, erythromycin and colistin, while 60% sensitivity was 
observed against ampicillin sulbactam, ceftazidime, cefoperazone and rifampicin. Isolates 
exhibited variable multidrug resistance patterns to other antibiotics [53].

4.3. Escherichia species

Escherichia coli is a Gram-negative bacterium that has been known for ages to easily and 
frequently exchange genetic information through horizontal gene transfer with other related 
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bacteria. Hence, it may exhibit characteristics based on the source of isolation. E. coli is a 
commensal organism living in the intestines of both humans and animals. However, some 
strains have been reported to cause gastrointestinal illnesses [54]. Tetracycline which is com-
monly used in poultry has been reported to be one of the drugs bacteria are most resistant 
to. There is a reported tetracycline resistance in poultry even without the administration of 
this antibiotic [21].

A study carried out on fecal isolates of E. coli in the Netherlands showed that there is a high 
level of multidrug resistance occurring in broilers, turkeys while majority of those from laying 
hens were susceptible. It was observed that the isolates from birds had high rates of resistance 
to amoxycillin alone and others had resistance to amoxicillin as well as oxytetracycline, strep-
tomycin, sulfamethoxazole and trimethoprim. [55].

E. coli had a prevalence of 46.98% among the other bacteria isolated in Ghana. All isolates 
showed some degree of resistance to ceftriaxone (1.34%), cefotaxime (0.67%), gentamycin 
(2.01%), cotrimoxazole (1.34%), tetracycline (2.01%) and ampicillin (3.36%) [56]. Resistant 
genes have been found in E. coli isolates from Nigeria and these include bla-TEM (85%), sul2 
(67%), sul3 (17%), aadA (65%), strA (70%), strB (61%), catA1 (25%), cmlA1 (13%), tetA (21%) 
and tetB (17%) which conveyed resistance to the following antibiotics; tetracycline (81%), 
sulfamethoxazole (67%), streptomycin (56%), trimethoprim (47%), ciprofloxacin (42%), ampi-
cillin (36%), spectinomycin (28%), nalidixic acid (25%), chloramphenicol (22%), neomycin 
(14%) gentamicin (8%). In this study the isolates were susceptible to amoxicillin-clavulanate, 
ceftiofur, cefotaxime, colistin, florfenicol and apramycin. Class 1 and 2 integrons were found 
in five (14%) and six (17%) isolates, respectively, while one isolate contained both classes of 
integrons. There is that suggestion that poultry production environments represent impor-
tant reservoirs of antibiotic resistance genes such as qnrS that may spread from livestock 
production farms to human populations via manure and water [57].

4.4. Salmonella species

Salmonella spp. are Gram-negative, facultative anaerobic, non-spore forming, usually motile 
rods belonging to the Enterobacteriaceae family, which are found in the alimentary tract of 
animals [37, 58]. Fecal shedding allows Salmonella to be transmitted among birds in a flock. 
Salmonella spp. is widespread in poultry production. Prevalence varies considerably depend-
ing on country and type of production as well as the detection methods applied. It is known 
to be the etiological agent responsible for salmonellosis by Salmonella spp. in both humans 
and animals. Food-borne salmonellosis caused still occurs throughout the world [58]. The risk 
factors associated with Salmonella infections and contamination in broiler chickens include 
contaminated chicks, size of the farm and contaminated feed and these risk increase when 
feed trucks are parked near the entrance of the workers’ change room and when chicken 
are fed with meals [59, 60]. It also depends on age of the chicken, animal health, survival of 
organism in the gastric barrier, diet and genetic constitution of the chicken could also affect 
the colonization ability of Salmonella spp. in poultry [61].

Pullorum disease in poultry is caused by the S. pullorum. Transmission of the disease in birds 
can be vertical (transovarian) but also occurs through direct or indirect contact with infected 
birds via respiratory route or fecal matter or contaminated feed, water, or litter. Antimicrobials 
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and cephalexin [39, 44], whereas in the US, most of the staphylococcal isolates were suscep-
tible to rifampin, cotrimoxazole, gentamycin, vancomycin and chloramphenicol [45, 46]. It is 
worth noting that most of these organisms showed a high level of resistance to oxacillin and 
tetracycline, which would be disastrous if these oxacillin-resistant strains are transferred to 
humans [39, 44, 45].

4.2. Pseudomonas species

Pseudomonas is a genus of Gram-negative, aerobic bacteria that belongs to the family 
Pseudomonadaceae [47]. The genus Pseudomonas is ubiquitous in soil, water and on plants. 
It consists of 191 subspecies belonging to species groups including P. fluorescens, P. pertucino-
gena, P. aeruginosa, P. chlororaphis, P. putida, P. stutzeri and P. syringae. Pseudomoniasis, which 
is an opportunistic P. aeruginosa infection, is common in poultry birds like chickens, turkeys, 
ducks, geese and ostriches where infections in eggs destroy embryos [48].

P. aeruginosa causes respiratory infection, sinusitis, keratitis/keratoconjuctivitis and septice-
mia and responsible for pyogenic infections, septicemia, endocarditis and lameness along 
with many diverse diseases [49]. Infections may occur through skin wounds, contaminated 
vaccines and antibiotic solutions or needles used for injection. The disease may be systemic, 
affecting multiple organs and tissues or localized in tissues as infraorbital sinus or air sacs 
producing swelling of the head, wattles, sinuses and joints in poultry birds. P. aeruginosa has 
been isolated from many poultry farms and birds worldwide [49].

A study carried out in Ghana show that P. aeruginosa isolated from poultry litter were all sus-
ceptible to levofloxacin in the range of 20–100% and nearly 75% demonstrated intermediate 
susceptibility to aztreonam. The organisms showed resistance to cephalosporins, carbapen-
ems, penicillins, quinolones, monobactam and aminoglycoside. Metallo β-Lactamase encoding 
genes (blaIMP, blaVIM) were not detected in any of the isolates but the class 1 integron which 
is known to carry multiple antibiotic resistant genes were detected in 89.4% of the multi-drug 
resistant strains [50]. This is contrary to a report by Zhang and his Colleagues [51], who identi-
fied the blaVIM gene in P. aeruginosa and P. putida from chicken that resembled corresponding 
regions in clinical isolates of P. aeruginosa. These isolates were resistant to all β-lactam antibiot-
ics tested, including meropenem, imipenem, aztreonam, and ceftazidime [33, 51].

Another study in Nigeria reported that the P. aeruginosa isolates were highly resistant to 
β-lactams, tetracycline, tobramycin, nitrofurantoin and sulfamethoxazole-trimethoprim, while 
ofloxacin, imipenem and ertapenem were highly effective against the bacterial pathogens [52].

In Pakistan, a study which investigated the causative agents for necropsy in chicken, recorded 
a 28% prevalence for P. aeruginosa. These isolates were found to be 100% resistant towards 
ceftriaxone, meropenem, ciprofloxacin, erythromycin and colistin, while 60% sensitivity was 
observed against ampicillin sulbactam, ceftazidime, cefoperazone and rifampicin. Isolates 
exhibited variable multidrug resistance patterns to other antibiotics [53].

4.3. Escherichia species

Escherichia coli is a Gram-negative bacterium that has been known for ages to easily and 
frequently exchange genetic information through horizontal gene transfer with other related 
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bacteria. Hence, it may exhibit characteristics based on the source of isolation. E. coli is a 
commensal organism living in the intestines of both humans and animals. However, some 
strains have been reported to cause gastrointestinal illnesses [54]. Tetracycline which is com-
monly used in poultry has been reported to be one of the drugs bacteria are most resistant 
to. There is a reported tetracycline resistance in poultry even without the administration of 
this antibiotic [21].

A study carried out on fecal isolates of E. coli in the Netherlands showed that there is a high 
level of multidrug resistance occurring in broilers, turkeys while majority of those from laying 
hens were susceptible. It was observed that the isolates from birds had high rates of resistance 
to amoxycillin alone and others had resistance to amoxicillin as well as oxytetracycline, strep-
tomycin, sulfamethoxazole and trimethoprim. [55].

E. coli had a prevalence of 46.98% among the other bacteria isolated in Ghana. All isolates 
showed some degree of resistance to ceftriaxone (1.34%), cefotaxime (0.67%), gentamycin 
(2.01%), cotrimoxazole (1.34%), tetracycline (2.01%) and ampicillin (3.36%) [56]. Resistant 
genes have been found in E. coli isolates from Nigeria and these include bla-TEM (85%), sul2 
(67%), sul3 (17%), aadA (65%), strA (70%), strB (61%), catA1 (25%), cmlA1 (13%), tetA (21%) 
and tetB (17%) which conveyed resistance to the following antibiotics; tetracycline (81%), 
sulfamethoxazole (67%), streptomycin (56%), trimethoprim (47%), ciprofloxacin (42%), ampi-
cillin (36%), spectinomycin (28%), nalidixic acid (25%), chloramphenicol (22%), neomycin 
(14%) gentamicin (8%). In this study the isolates were susceptible to amoxicillin-clavulanate, 
ceftiofur, cefotaxime, colistin, florfenicol and apramycin. Class 1 and 2 integrons were found 
in five (14%) and six (17%) isolates, respectively, while one isolate contained both classes of 
integrons. There is that suggestion that poultry production environments represent impor-
tant reservoirs of antibiotic resistance genes such as qnrS that may spread from livestock 
production farms to human populations via manure and water [57].

4.4. Salmonella species

Salmonella spp. are Gram-negative, facultative anaerobic, non-spore forming, usually motile 
rods belonging to the Enterobacteriaceae family, which are found in the alimentary tract of 
animals [37, 58]. Fecal shedding allows Salmonella to be transmitted among birds in a flock. 
Salmonella spp. is widespread in poultry production. Prevalence varies considerably depend-
ing on country and type of production as well as the detection methods applied. It is known 
to be the etiological agent responsible for salmonellosis by Salmonella spp. in both humans 
and animals. Food-borne salmonellosis caused still occurs throughout the world [58]. The risk 
factors associated with Salmonella infections and contamination in broiler chickens include 
contaminated chicks, size of the farm and contaminated feed and these risk increase when 
feed trucks are parked near the entrance of the workers’ change room and when chicken 
are fed with meals [59, 60]. It also depends on age of the chicken, animal health, survival of 
organism in the gastric barrier, diet and genetic constitution of the chicken could also affect 
the colonization ability of Salmonella spp. in poultry [61].

Pullorum disease in poultry is caused by the S. pullorum. Transmission of the disease in birds 
can be vertical (transovarian) but also occurs through direct or indirect contact with infected 
birds via respiratory route or fecal matter or contaminated feed, water, or litter. Antimicrobials 
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used to treat pullorum disease are furazolidone, gentamycin sulfate and antimetabolites (sul-
fadimethoxine, sulfamethazine and sulfamerazine) [62].

Salmonella spp. have increasingly been isolated from poultry with prevalence of 2.7% in 
Brazil and the most common isolates were Salmonella enteritidis (48.8%), S. infantis (7.6%), S. 
typhimurium (7.2%), and S. heidelberg (6.4%). All the isolated strains were resistant to at least one 
class of antimicrobial and 53.2% showed multidrug resistance to three or more classes, with 
streptomycin (89.2%), sulfonamides (72.4%), florfenicol (59.2%), and ampicillin (44.8%) [63].

Salmonella spp. are one of the commonest microbial contaminants in the poultry industry. 
In Ghana, there is high prevalence rate of 44.0% in poultry with main isolates being S. 
kentucky (18.1%), S. nima (12.8%), S. muenster (10.6%), S. enteritidis (10.6%) and S. virchow 
(9.6%). Resistance of these isolates to the various antibiotics were nalidixic acid (89.5%), 
tetracycline (80.7%), ciprofloxacin (64.9%), sulfamethazole (42.1%), trimethoprim (29.8%) 
and ampicillin (26.3%).

4.5. Streptococcus species

Streptococcus is Gram-positive bacteria. Streptococcus gallolyticus is a common member of the 
gut microbiota in animals and humans; however, being a zoonotic agent, it has been reported 
to cause mastitis in cattle, septicemia in pigeons, and meningitis, septicemia, and endocarditis 
in humans [64]. A study carried out in Japan isolated Streptococcus gallolyticus from pigeons 
with septicaemia. Most of the isolates were susceptible to vancomycin, penicillin G and ampi-
cillin, while some were resistant to tetracycline, doxycycline and lincomycin. All the isolates 
were resistant to tetracycline had tet(M) and/or tet(L) and/or tet(O) genes [65].

4.6. Campylobacter species

Campylobacter jejuni and Campylobacter coli are the most prevalent disease causing species of 
the genus Campylobacter. They are mostly responsible for foodborne gastroenteritis in humans 
[66–68]. Campylobacteriosis is often associated with handling of raw poultry or eating of 
undercooked poultry meat [69]. Cross-contamination of raw poultry to other ready-to-eat 
foods via the cook’s hands or kitchen utensils has been reported. Erythromycin is usually the 
drug of choice for the treatment of Campylobacter infections [68]. However, fluoroquinolones, 
gentamicin, and tetracycline are also clinically effective in treating Campylobacter infections 
when antimicrobial therapy is required [70].

Resistance of C. jejuni and C. coli isolates to fluoroquinolones, tetracycline, and erythromycin 
has been reported. The increased resistance is partly due to the wide use of these antimicrobi-
als in animal husbandary, especially in poultry [71, 72].

A study carried out by Elz’bieta and his colleagues, in their quest to compare the prevalence 
and genetic background of antimicrobial resistance in Polish strains of C. jejuni and C. coli iso-
lated from chicken carcasses and children reported a slight difference in resistance between 
human and chicken strains. The isolated Campylobacter strains were found to be resistant to 
gentamycin, tetracycline, ampicillin, ciprofloxacin and erythromycin and tet(O) gene and 
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mutations in the gyrA genes were found to be associated with the observed antibiotic resis-
tance in the study [73].

Another study carried out in Kenya isolated thermophilic Campylobacter species (C. jejuni and 
C. coli) from feces and clocal swabs of chicken. These isolates showed a high rate of resistance 
to nalidixic acid, tetracycline and ciprofloxacin of 77.4, 71.0 and 71.0%, respectively. Low 
resistance (25.8%) was detected for gentamicin and chloramphenicol and 61.3% of C. jejuni 
isolates exhibited multidrug resistance and 54.5% of the C. jejuni isolates possessed the tet(O) 
gene whereas all of C. coli had the tet(A) gene [74].

C. jejuni and C. coli are the predominant species of Campylobacter usually isolated from poultry 
farms. In Ghana, other species such as Campylobacter lari, Campylobacter hyo-intestinalis and 
C. jejuni sub sp. doylei have been isolated from poultry. These organisms have been found 
to be resistant to β-lactams, quinolones, aminoglycosides, erythromycin, tetracycline, chlor-
amphenicol and trimethoprim-sulfamethoxazole and all isolated species were sensitive to 
imipenem [75, 76].

4.7. Yersinia species

It is a Gram-negative non-spore-forming rod, a psychrotrophic bacterium and able to sur-
vive and multiply at cold temperatures. Poultry meat is one of the most important sources 
of Yersinia spp. infections in humans. Yersinia enterocolitica is the predominant specie mostly 
isolated from poultry and poultry products [77]. In humans, Y. enterocolitica is an enteric 
pathogen which commonly causes acute enteritis associated with fever, bloody diarrhea and 
inflammation of lymph nodes. Contaminated food is one of the main sources of yersiniosis 
in humans [77].

Y. enterocolitica is widely distributed in nature and animals; food and environment are rou-
tinely contaminated with this organism. Major reservoir of Y. enterocolitica is swine. However, 
Y. enterocolitica has been frequently isolated from poultry and ready-to-eat foods [78]. A study 
in Iran reported a prevalence rate of Y. enterocolitica of 30% of among chicken meat samples 
[79]. Yersinia isolates (16%) from chicken and beef meat samples were mostly resistant to 
cephalotin (98%) and ampicillin (52%) [80].

Y. enterocolitica isolated from poultry raw meat and retailed meats in Poland were clas-
sified as biotype 1A and exhibited moderate ability of producing biofilms and ystB was 
the predominant virulence gene. In biofilms, a multi-system that include poor antibiotic 
penetration, nutrient limitation and slow growth, adaptive stress responses, and formation 
of persister cells are hypothesized to constitute the organisms’ resistance to antibiotics [81].

4.8. Clostridium species

Clostridium is a genus of Gram-positive obligate anaerobic bacteria which includes several 
significant human pathogens. Spore of Clostridium normally inhabits soil and intestinal tract 
of animals and humans [82]. Common infections caused by Clostridia include botulism caused 
by C. botulinum¸ pseudomembranous colitis caused by C. difficile, cellulitis and gas gangrene 
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used to treat pullorum disease are furazolidone, gentamycin sulfate and antimetabolites (sul-
fadimethoxine, sulfamethazine and sulfamerazine) [62].

Salmonella spp. have increasingly been isolated from poultry with prevalence of 2.7% in 
Brazil and the most common isolates were Salmonella enteritidis (48.8%), S. infantis (7.6%), S. 
typhimurium (7.2%), and S. heidelberg (6.4%). All the isolated strains were resistant to at least one 
class of antimicrobial and 53.2% showed multidrug resistance to three or more classes, with 
streptomycin (89.2%), sulfonamides (72.4%), florfenicol (59.2%), and ampicillin (44.8%) [63].

Salmonella spp. are one of the commonest microbial contaminants in the poultry industry. 
In Ghana, there is high prevalence rate of 44.0% in poultry with main isolates being S. 
kentucky (18.1%), S. nima (12.8%), S. muenster (10.6%), S. enteritidis (10.6%) and S. virchow 
(9.6%). Resistance of these isolates to the various antibiotics were nalidixic acid (89.5%), 
tetracycline (80.7%), ciprofloxacin (64.9%), sulfamethazole (42.1%), trimethoprim (29.8%) 
and ampicillin (26.3%).

4.5. Streptococcus species

Streptococcus is Gram-positive bacteria. Streptococcus gallolyticus is a common member of the 
gut microbiota in animals and humans; however, being a zoonotic agent, it has been reported 
to cause mastitis in cattle, septicemia in pigeons, and meningitis, septicemia, and endocarditis 
in humans [64]. A study carried out in Japan isolated Streptococcus gallolyticus from pigeons 
with septicaemia. Most of the isolates were susceptible to vancomycin, penicillin G and ampi-
cillin, while some were resistant to tetracycline, doxycycline and lincomycin. All the isolates 
were resistant to tetracycline had tet(M) and/or tet(L) and/or tet(O) genes [65].

4.6. Campylobacter species

Campylobacter jejuni and Campylobacter coli are the most prevalent disease causing species of 
the genus Campylobacter. They are mostly responsible for foodborne gastroenteritis in humans 
[66–68]. Campylobacteriosis is often associated with handling of raw poultry or eating of 
undercooked poultry meat [69]. Cross-contamination of raw poultry to other ready-to-eat 
foods via the cook’s hands or kitchen utensils has been reported. Erythromycin is usually the 
drug of choice for the treatment of Campylobacter infections [68]. However, fluoroquinolones, 
gentamicin, and tetracycline are also clinically effective in treating Campylobacter infections 
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A study carried out by Elz’bieta and his colleagues, in their quest to compare the prevalence 
and genetic background of antimicrobial resistance in Polish strains of C. jejuni and C. coli iso-
lated from chicken carcasses and children reported a slight difference in resistance between 
human and chicken strains. The isolated Campylobacter strains were found to be resistant to 
gentamycin, tetracycline, ampicillin, ciprofloxacin and erythromycin and tet(O) gene and 
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mutations in the gyrA genes were found to be associated with the observed antibiotic resis-
tance in the study [73].

Another study carried out in Kenya isolated thermophilic Campylobacter species (C. jejuni and 
C. coli) from feces and clocal swabs of chicken. These isolates showed a high rate of resistance 
to nalidixic acid, tetracycline and ciprofloxacin of 77.4, 71.0 and 71.0%, respectively. Low 
resistance (25.8%) was detected for gentamicin and chloramphenicol and 61.3% of C. jejuni 
isolates exhibited multidrug resistance and 54.5% of the C. jejuni isolates possessed the tet(O) 
gene whereas all of C. coli had the tet(A) gene [74].

C. jejuni and C. coli are the predominant species of Campylobacter usually isolated from poultry 
farms. In Ghana, other species such as Campylobacter lari, Campylobacter hyo-intestinalis and 
C. jejuni sub sp. doylei have been isolated from poultry. These organisms have been found 
to be resistant to β-lactams, quinolones, aminoglycosides, erythromycin, tetracycline, chlor-
amphenicol and trimethoprim-sulfamethoxazole and all isolated species were sensitive to 
imipenem [75, 76].

4.7. Yersinia species

It is a Gram-negative non-spore-forming rod, a psychrotrophic bacterium and able to sur-
vive and multiply at cold temperatures. Poultry meat is one of the most important sources 
of Yersinia spp. infections in humans. Yersinia enterocolitica is the predominant specie mostly 
isolated from poultry and poultry products [77]. In humans, Y. enterocolitica is an enteric 
pathogen which commonly causes acute enteritis associated with fever, bloody diarrhea and 
inflammation of lymph nodes. Contaminated food is one of the main sources of yersiniosis 
in humans [77].

Y. enterocolitica is widely distributed in nature and animals; food and environment are rou-
tinely contaminated with this organism. Major reservoir of Y. enterocolitica is swine. However, 
Y. enterocolitica has been frequently isolated from poultry and ready-to-eat foods [78]. A study 
in Iran reported a prevalence rate of Y. enterocolitica of 30% of among chicken meat samples 
[79]. Yersinia isolates (16%) from chicken and beef meat samples were mostly resistant to 
cephalotin (98%) and ampicillin (52%) [80].

Y. enterocolitica isolated from poultry raw meat and retailed meats in Poland were clas-
sified as biotype 1A and exhibited moderate ability of producing biofilms and ystB was 
the predominant virulence gene. In biofilms, a multi-system that include poor antibiotic 
penetration, nutrient limitation and slow growth, adaptive stress responses, and formation 
of persister cells are hypothesized to constitute the organisms’ resistance to antibiotics [81].

4.8. Clostridium species

Clostridium is a genus of Gram-positive obligate anaerobic bacteria which includes several 
significant human pathogens. Spore of Clostridium normally inhabits soil and intestinal tract 
of animals and humans [82]. Common infections caused by Clostridia include botulism caused 
by C. botulinum¸ pseudomembranous colitis caused by C. difficile, cellulitis and gas gangrene 
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caused by C. perfringens, tetanus caused by C. tetani and fatal post-abortion infections caused 
by C. sordellii [83].

High-dose penicillin-G remains sensitive to Clostridia species and thus widely used to treat 
Clostridial infections. Clostridia species such as welchii and tetani respond to sulfonamides 
[82]. Tetracyclines, carbapenems, metronidazole, vancomycin and chloramphenicol are effec-
tive options for treatment of Clostridia infections [84].

C. perfringens is known to cause necrotic enteritis in poultry. Bacitracin or virginiamycin is 
an effective treatment option when administered in the feed or drinking water. C. colinum is 
responsible for ulcerative enteritis. Bacitracin and penicillins are the most effective drugs in 
the treatment and prevention of this infection [85, 86].

A study in Egypt, identified 125 isolates of C. perfringens from clinical cases of necrotic enteri-
tis in broiler chickens from 35 chicken coops and the all isolates were resistant to gentamycin, 
streptomycin, oxolinic acid, lincomycin, erythromycin and spiramycin. Over 95% of isolates 
were resistant to sulfamethoxazole-trimethoprim, doxycycline, perfloxacin, colistin and neo-
mycin. Most of the isolates were susceptible to amoxicillin, ampicillin, fosfomycin, florfenicol 
and cephradine [85].

Thirty strains of C. perfringens isolated from chickens with necrotic enteritis in Korea were 
found to susceptible to ampicillin, amoxicillin/clavulanic acid, cephalothin, cefepime, chlor-
amphenicol, cefoxitin, ceftiofur, florfenicol and penicillin but resistant to gentamycin, neo-
mycin, streptomycin, apramycin and colistin [87]. This trend of resistance was similar to that 
observed in 43 C. perfringens isolates from the ileum of 5-week old broiler chicken in Taiwan. 
Most of the C. perfringens isolates were susceptible to amoxicillin, bacitracin and enrofloxacin 
but resistant to erythromycin, lincomycin and chlortetracycline [88].

4.9. Bacillus species

Bacillus is a genus of Gram-positive, obligate aerobic or facultative anaerobic rod shaped bac-
teria of the phylum firmicutes. Bacillus spp. include both free-living non-parasitic and para-
sitic pathogenic species [89]. Medically significant species include B. anthracis which causes 
anthrax and B. cereus which causes food poisoning [90]. Other infections caused by Bacilli 
spp. include pneumonia, endocarditis, ocular and musculoskeletal infections. Antibiotics 
usually used for Bacillus infections include vancomycin, imipenem, ciprofloxacin, gentamy-
cin, tetracycline, chloramphenicol, clindamycin and erythromycin. Most Bacillus spp. have 
been found to be resistant to broad spectrum cephalosporins and ticarcillin-clavulanate [91].

In a study involving 18 strains of B. cereus isolated from raw and processed poultry meat from 
supermarkets in Iasi county, all the isolates were found to be resistant to penicillin, amoxi-
cillin, amoxicillin-clavulanate, colistin, cefoperazone, sulfamethizole and metronidazole 
but sensitive to erythromycin, cotrimoxazole, tylosin, flumequine, kanamycin, gentamycin, 
enrofloxacin, oxolinic acid, apramycin, tetracycline and doxacilin. All B. cereus isolates were 
resistant to nearly half of tested antibiotics [92]. This pattern of resistance was also observed 
in 44 strains of B. cereus isolated from chicken and chicken products in the Jammu region of 
India. All isolates were resistant to penicillin G but sensitive to streptomycin. Over 60% of 
isolates were resistant to amoxicillin, ampicillin and carbenicillin [93].
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4.10. Mycobacterium species

Mycobacteria are acid-fast, aerobic, nonmotile of bacteria of the genus Mycobacterium [94]. 
Mycobacteria are widespread organisms that live in water and food sources and can colonize 
their hosts without showing any adverse signs and symptoms. Pathogenic mycobacterial spe-
cies including M. tuberculosis, M. bovis, M. africanum, M. macroti cause tuberculosis whiles 
M. leprae is responsible for leprosy. Mycobacteria spp. are naturally resistant to penicillin and 
mostly susceptible to clarithromycin and rifamycin [95].

A study in Bangladesh identified three Mycobacterium isolates from 80 poultry droppings and all 
isolates were found to be resistant to rifampicin but highly susceptible to azithromycin, cipro-
floxacin, streptomycin and doxycycline. One isolate was identified as multi-drug resistant [96].

4.11. Klebsiella species

Klebsiella is a genus of non-motile, Gram-negative, oxidase-negative, rod-shaped bacteria with 
a prominent polysaccharide capsule and belong to the family Enterobacteriaceae [97]. Klebsiella 
species are found everywhere in nature including soil, plants, insect, humans and other ani-
mals [98]. Infections caused by Klebsiella spp. include septicaemia, meningitis, urinary tract 
infections, pneumonia, diarrhea [97]. Common pathogenic Klebsiella in humans and animals 
include K. pneumoniae, K. oxytoca and K. variicola [99]. Antibiotics commonly used in the treat-
ment of Klebsiella infections include third-generation cephalosporins, carbapenems, amino-
glycosides and quinolones [100].

A study in Langa, South Africa identified 102 sub-species of K. pneumonia (96 K. ozaenae and 
6 K. rhinoscleromatis strains) from 17 free-range chicken samples. The isolates exhibited high 
level of resistance towards ampicillin (66.7%), nalidixic acid (61.8%), tetracycline (59.8%) and 
trimethoprim (50.0%) but highly susceptible towards gentamycin (3.9%) and ciprofloxacin 
(4.8%). Almost 40% of the isolates were found to be multi-drug resistant K. pneumonia strains 
[99]. Similar trend of resistance was observed among 77 K. pneumoniae isolates from poultry 
birds in Ekiti-state, Nigeria. The isolates showed high level of resistance towards tetracycline 
(100%), amoxicillin (94.8%), cotrimoxazole (94.8%) and augmentin (85.7%) [98].

4.12. Enterococcus species

Enterococcus is a large genus of Gram-positive diplococci, lactic acid-producing bacteria of 
the phylum Firmicutes [101]. Commonly found species include Enterococcus faecalis and 
Enterococcus faecium [102]. Notable infections caused by Enterococci include urinary tract 
infections, bacteremia, meningitis, endocarditis [103]. Antibiotics active against Enterococci 
include ampicillin, penicillin, nitrofurantoin and vancomycin [104]. Enterococci often possess 
intrinsic resistance towards β-lactam antibiotics and aminoglycosides. However, resistance of 
Enterococci to vancomycin has been reported in several studies [105–107].

A study in Czech Republic identified 228 enterococcal isolates from the intestinal tract of poul-
try. These isolates were found to be highly resistant to tetracycline (80%), erythromycin (59%) 
and ofloxacin (51%) but exhibited low resistance to ampicillin (3%) and ampicillin/sulbactam 
(3%) [105]. A similar trend of resistance was reported among 163 Enterococcal isolates from 
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usually used for Bacillus infections include vancomycin, imipenem, ciprofloxacin, gentamy-
cin, tetracycline, chloramphenicol, clindamycin and erythromycin. Most Bacillus spp. have 
been found to be resistant to broad spectrum cephalosporins and ticarcillin-clavulanate [91].

In a study involving 18 strains of B. cereus isolated from raw and processed poultry meat from 
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but sensitive to erythromycin, cotrimoxazole, tylosin, flumequine, kanamycin, gentamycin, 
enrofloxacin, oxolinic acid, apramycin, tetracycline and doxacilin. All B. cereus isolates were 
resistant to nearly half of tested antibiotics [92]. This pattern of resistance was also observed 
in 44 strains of B. cereus isolated from chicken and chicken products in the Jammu region of 
India. All isolates were resistant to penicillin G but sensitive to streptomycin. Over 60% of 
isolates were resistant to amoxicillin, ampicillin and carbenicillin [93].
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poultry litter in the Abbotsford area of British Columbia, Canada. The identified enterococcal 
isolates were found to be highly resistant to lincomycin (80.3%), tetracycline (65.3%), penicil-
lin (61.1%) but showed low resistance towards to nitrofurantoin (3.8%), daptomycin (3.5%) 
and gentamycin (0.8%) [108]. There is a high possibility of multi-drug resistant enterococci in 
animal meat and fecal matter being transferred to humans [106].

4.13. Proteus species

Proteus is a genus of Gram-negative Proteobacteria which is widely distributed as saprophytes 
[109]. They are mainly found in decomposing animal matter, sewage, manure, mammalian 
intestine, human and animal fecal matter. They are mainly opportunistic pathogens respon-
sible for nosocomial urinary and septic infections [110]. Three species, namely, P. vulgaris, P. 
mirabilis and P. penneri are the only opportunistic species responsible for human infections. 
Most strains of P. mirabilis are sensitive to ampicillin and cephalosporins whereas P. vulgaris 
strains are not sensitive to these antibiotics [109].

A study in Iran identified 54 P. mirabilis isolates from chicken intestines and 54 P. mirabilis 
isolates were screened for antimicrobial susceptibility to 13 antimicrobial agents. None of 
the P. mirabilis isolates in this study were found to be resistant to gentamycin. Over 90% 
of isolates were resistant to nalidixic acid, doxycycline and tetracycline. Less than a quar-
ter of isolates were resistant to norfloxacin, ampicillin, amikacin and ceftriaxone. Nearly 
96% of the isolates were resistant to at least two or more antibiotics. One isolate exhibited 
resistance to 10 antibiotics whereas three and five isolates were resistant to nine and seven 
antibiotics, respectively. The results showed that chicken could be a source of antibiotic 
resistant and multi-drug resistant P. mirabilis strains and these resistant strains can cause 
worldwide problem both for veterinary sector and public health [111].

A similar trend of antibiotic resistance was observed in 36 P. mirabilis isolates from chicken 
droppings from commercial poultry farms in Bangladesh. Nearly 95% of the isolates were resis-
tant to tetracycline followed by nalidixic acid (89%) and almost 20% of the isolates were found 
to be resistant to ciprofloxacin and 84% of the isolates exhibited multidrug resistance [112].

5. Other species of importance

Infections from other bacterial species could also result in the use of antibiotics. These include 
Mycoplasmosis (caused by Mycoplasma gallisepticum, Mycoplasma meleagridis and Mycoplasma 
synoviae) [86], Pasteurella multocida and Haemophilus gallinarum infections [62, 113]. These 
infections usually require the use broad spectrum antibiotics including tylosin, aureomycin, 
terramycin, gallimycin, penicillin, erythromycin, sulfadimethoxine, sulfathiazole and other 
sulfa drugs administered either in the feed, drinking water or by injections [62].

6. Conclusion

Several bacterial species are the major causes of infections in poultry and other animal hus-
bandry. Most of these infections are linked to foodborne outbreaks, live animal contact, poor 
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hygiene, and environmental exposure. With the emergence of antimicrobial resistance, the 
pathogenicity and virulence of these organisms have increased and treatment options are 
diminishing and also more expensive. Multidrug resistant bacteria have been found in poul-
try, poultry products, carcasses, litter and fecal matter of birds and these pose a risk to both 
handlers, consumers and a threat to global and public health. The above information also 
calls for increased surveillance measures and monitoring of antibiotic usage in both animal 
husbandry and humans throughout the world.
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handlers, consumers and a threat to global and public health. The above information also 
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Abstract

Most starter cultures belong to the lactic acid bacteria group (LAB) and recognized as 
safe by the US Food and Drug Administration (FDA) and the European Food Safety 
Authority (EFSA). However, LAB may act as intrinsic or extrinsic reservoirs for antibiotic 
resistance (AR) genes. This fact may not constitute a safety concern itself, as the resistance 
gene transfer is vertical. Nevertheless, external genetic elements may induce changes that 
favor the horizontal transfer transmission of resistance from pathogens as well as from 
the human intestinal microbiota, which represents a severe safety issue. Some genus of 
AR LAB includes Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Pediococcus, and 
Streptococcus isolated from fermented meat and milk products. Currently, the WHO rec-
ommends that LAB used in the food industry should be free of resistance. Therefore, the 
objective of this chapter is to present an overview of the LAB antibiotic resistance and 
some methods to determine the same.

Keywords: lactic acid bacteria, antibiotic resistance transfer, extrinsic genes,  
QPS strains, and GRAS

1. Introduction

The antimicrobial resistance has become one of the main safety issues for humanity, and sev-
eral organizations, such as the World Health Organization (WHO), the Food and Agriculture 
Organization (FAO), the US Food and Drug Administration (FDA), and the European Food 
Safety Authority (EFSA) among others, have raised an awareness on this issue. The antimicro-
bial resistance can take place when microorganisms (bacteria, fungi, viruses, and parasites) 
are continuously exposed to antimicrobials (antibiotics, antivirals, antifungals, etc.), and as a 
result of an adaptation process, some microorganisms can survive and grow in the presence 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 4

Antibiotic Resistance in Lactic Acid Bacteria

Yenizey M. Álvarez-Cisneros and
Edith Ponce-Alquicira

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.80624

Provisional chapter

DOI: 10.5772/intechopen.80624

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Antibiotic Resistance in Lactic Acid Bacteria

Yenizey M. Álvarez-Cisneros and 
Edith Ponce-Alquicira

Additional information is available at the end of the chapter

Abstract

Most starter cultures belong to the lactic acid bacteria group (LAB) and recognized as 
safe by the US Food and Drug Administration (FDA) and the European Food Safety 
Authority (EFSA). However, LAB may act as intrinsic or extrinsic reservoirs for antibiotic 
resistance (AR) genes. This fact may not constitute a safety concern itself, as the resistance 
gene transfer is vertical. Nevertheless, external genetic elements may induce changes that 
favor the horizontal transfer transmission of resistance from pathogens as well as from 
the human intestinal microbiota, which represents a severe safety issue. Some genus of 
AR LAB includes Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Pediococcus, and 
Streptococcus isolated from fermented meat and milk products. Currently, the WHO rec-
ommends that LAB used in the food industry should be free of resistance. Therefore, the 
objective of this chapter is to present an overview of the LAB antibiotic resistance and 
some methods to determine the same.

Keywords: lactic acid bacteria, antibiotic resistance transfer, extrinsic genes,  
QPS strains, and GRAS

1. Introduction

The antimicrobial resistance has become one of the main safety issues for humanity, and sev-
eral organizations, such as the World Health Organization (WHO), the Food and Agriculture 
Organization (FAO), the US Food and Drug Administration (FDA), and the European Food 
Safety Authority (EFSA) among others, have raised an awareness on this issue. The antimicro-
bial resistance can take place when microorganisms (bacteria, fungi, viruses, and parasites) 
are continuously exposed to antimicrobials (antibiotics, antivirals, antifungals, etc.), and as a 
result of an adaptation process, some microorganisms can survive and grow in the presence 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



of the antimicrobial, which in normal conditions would inactivate them [1, 2]. In particular, 
antibiotics are drugs used to treat bacterial infections in humans and animals, preventing the 
reproduction of bacteria or inactivating them through several mechanisms (Table 1), either 
inhibiting the synthesis of the cell wall or the cytoplasmic membrane, blocking the protein 
synthesis or the DNA copying processes, altering the metabolism, or acting directly against 
the bacterial resistance pathway [3–5]. The use of antibiotics in humans (cephalosporins, 
broad-spectrum penicillins, and fluoroquinolones) has increased 36% from the years 2000 to 
2010, mainly due to their inappropriate prescription and consumption for the treatment of 
viral instead of bacterial infections [3, 6]. This fact may be correlated with the global report 
on antimicrobial resistance that points over 700,000 human deaths each year associated to 
antimicrobial resistance, with a raising scenery to 10 million deaths each year by 2050 [2, 7].

The antimicrobial resistance involves several mechanisms associated to the presence of resis-
tant genes that allow the direct inactivation of the active antimicrobial molecule as well as the 
loss of susceptibility to the antimicrobial by modification of the target site or reduction of the 
antimicrobial uptake [6]. Therefore, antimicrobials become ineffective, and resistant micro-
organisms can survive and transfer their resistant machinery to other microorganisms and 

Table 1. Antibiotics: Site and mode of action [3–5].
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become a threat to public health [1]. The presence of antimicrobial-resistant microorganisms 
not only affects both the human and animal health but also increases the risk for spread and 
contamination of foods, crops, livestock, and aquaculture [3].

In particular, the FAO claims that 27 different antimicrobial classes are being frequently used 
in animals without an accurate reporting system to collect data related to their use and con-
trol [2]. Therefore, the WHO partners initiated a campaign all around the world in 2017, to 
raise the awareness of the antimicrobial resistance as part of a global program [1, 2]. The 
campaign constitutes a global action that involves governments, health professionals, food 
and feed industrialists, and the society to learn about antibiotic and antimicrobial resistance. 
It also includes some guidelines for the prevention and control of resistant Enterobacteriaceae, 
Acinetobacter, and Pseudomonads in health-care facilities. Additionally, the WHO recommends 
to farmers and the food industry sector to stop using antibiotics in healthy animals, in order to 
preserve the effectiveness of antibiotics currently used in human medicine [1–3, 8]. The global 
action plan on antimicrobial resistance points out that this issue has become an increasingly 
serious threat to public health and to the sustainable food production, where a rapid and 
effective response should involve the society and governments, as well as the health, food, 
and agriculture sectors and environmental specialists to promote practices that avoid the 
spread of antimicrobial resistance among common pathogens, especially those responsible 
for nosocomial and common infections [1, 2, 8].

The growing world population results in an increased demand for food, where antimicrobials 
such as antibiotics and fungicides are frequently used to treat infections in food-producing 
animals (cattle, swine, poultry, and fish), as well as in crops, to prevent diseases and as growth 
promoters [3]. This practice is frequently seen in developing countries where unauthorized 
high amounts of antibiotics are used that have been associated to the occurrence of multiple 
antibiotic-resistant Enterococcus and Lactobacillus strains from Indian poultry [2, 3, 9]. The FAO 
also reports that 90% of antibiotics may be excreted into the water and soil thus contaminating 
the environment, with the consequent exposure increment and development of AR microor-
ganisms that can transfer their resistant genes to other microorganisms [2]. For instance, bac-
terial populations from the intestine of animals exposed to antibiotics (tetracycline, penicillin, 
sulfonamide, and polymyxins) were five times more likely to be resistant [6]. The resistant 
microorganisms can be spread to humans from contaminated foods and water or from the 
environment [2, 3]. Various practices such as adequate animal vaccination and the use of 
additives that promote health and efficiency of feed conversion, in combination with good 
hygiene and husbandry practices would reduce the need for antimicrobials and antibiotics 
for food production [7, 8].

Lactic acid bacteria (LAB) constitute one of the most important groups of microorganisms 
present in several habitats; they are in large numbers in the gastrointestinal tract of animals 
and humans and form part of the microbiota in several foods. Historically, LAB have been rec-
ognized as safe with a GRAS (generally recognized as safe) and QPS (qualified presumption of 
safety) status given by the FDA and EFSA authorities. However, the recent detection of anti-
biotic-resistant LAB and the continuous exposure to environmental conditions may promote 
that LAB became as intrinsic or extrinsic reservoirs for AR genes, which can be horizontally 
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of the antimicrobial, which in normal conditions would inactivate them [1, 2]. In particular, 
antibiotics are drugs used to treat bacterial infections in humans and animals, preventing the 
reproduction of bacteria or inactivating them through several mechanisms (Table 1), either 
inhibiting the synthesis of the cell wall or the cytoplasmic membrane, blocking the protein 
synthesis or the DNA copying processes, altering the metabolism, or acting directly against 
the bacterial resistance pathway [3–5]. The use of antibiotics in humans (cephalosporins, 
broad-spectrum penicillins, and fluoroquinolones) has increased 36% from the years 2000 to 
2010, mainly due to their inappropriate prescription and consumption for the treatment of 
viral instead of bacterial infections [3, 6]. This fact may be correlated with the global report 
on antimicrobial resistance that points over 700,000 human deaths each year associated to 
antimicrobial resistance, with a raising scenery to 10 million deaths each year by 2050 [2, 7].

The antimicrobial resistance involves several mechanisms associated to the presence of resis-
tant genes that allow the direct inactivation of the active antimicrobial molecule as well as the 
loss of susceptibility to the antimicrobial by modification of the target site or reduction of the 
antimicrobial uptake [6]. Therefore, antimicrobials become ineffective, and resistant micro-
organisms can survive and transfer their resistant machinery to other microorganisms and 

Table 1. Antibiotics: Site and mode of action [3–5].
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such as antibiotics and fungicides are frequently used to treat infections in food-producing 
animals (cattle, swine, poultry, and fish), as well as in crops, to prevent diseases and as growth 
promoters [3]. This practice is frequently seen in developing countries where unauthorized 
high amounts of antibiotics are used that have been associated to the occurrence of multiple 
antibiotic-resistant Enterococcus and Lactobacillus strains from Indian poultry [2, 3, 9]. The FAO 
also reports that 90% of antibiotics may be excreted into the water and soil thus contaminating 
the environment, with the consequent exposure increment and development of AR microor-
ganisms that can transfer their resistant genes to other microorganisms [2]. For instance, bac-
terial populations from the intestine of animals exposed to antibiotics (tetracycline, penicillin, 
sulfonamide, and polymyxins) were five times more likely to be resistant [6]. The resistant 
microorganisms can be spread to humans from contaminated foods and water or from the 
environment [2, 3]. Various practices such as adequate animal vaccination and the use of 
additives that promote health and efficiency of feed conversion, in combination with good 
hygiene and husbandry practices would reduce the need for antimicrobials and antibiotics 
for food production [7, 8].

Lactic acid bacteria (LAB) constitute one of the most important groups of microorganisms 
present in several habitats; they are in large numbers in the gastrointestinal tract of animals 
and humans and form part of the microbiota in several foods. Historically, LAB have been rec-
ognized as safe with a GRAS (generally recognized as safe) and QPS (qualified presumption of 
safety) status given by the FDA and EFSA authorities. However, the recent detection of anti-
biotic-resistant LAB and the continuous exposure to environmental conditions may promote 
that LAB became as intrinsic or extrinsic reservoirs for AR genes, which can be horizontally 
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transmissible to pathogens through the food chain [3, 6]. The resistance to a specific antimicro-
bial may be intrinsic (when a microorganism does not possess target sites for the antimicrobial) 
or acquired. The acquired resistance is more complex and involves the presence of enzymes 
that inactivate the antimicrobial, posttranscriptional, or posttranslational modifications of the 
target site or reduction uptake and active efflux of the antimicrobial; those mechanisms derive 
from the gain of exogenous DNA or the mutation of indigenous DNA [4, 9, 10]. In general the 
AR genes can be horizontally transferred from one microorganism to another by transduction 
(via bacteriophages) or by transformation between microorganisms (when released DNA is 
taken up by other microorganism). However, it is claimed that the primary mechanism to 
acquire resistant is by direct cell to cell contact or conjugation between different genera of 
bacteria, especially when the resistant genes are present on mobile genetic elements such as 
plasmids and transposons [5, 10, 11]. LAB are highly adaptable and capable of developing 
resistance to antibiotics; most AR studies were focused on pathogenic microorganisms, but 
recently some investigators have questioned the safety of commensal LAB as some strains of 
Lactococcus lactis, Enterococci, and Lactobacillus isolated from fermented foods showed genes 
conferring resistance to tetracycline, erythromycin, and vancomycin [12].

Bacterial resistance to antibiotics is an emerging public concern that may compromise the 
efficacy of agents used for the treatment of infectious diseases [13]. Therefore, the objective of 
this chapter is to present an overview of the LAB antibiotic resistance and some methods to 
determine this characteristic, as per the FAO/OMS guideline for testing food-related bacteria 
and probiotics for resistance patterns.

2. Lactic acid bacteria

The term lactic acid bacteria refers to a taxonomically diverse group of Gram-positive bacte-
ria, facultative anaerobic, nonspore-forming, nonmotile, and acid-tolerant cocci, coccobacilli, 
or rods that appear as single cells or forming couples, tetrads, or long chains, with common 
metabolism and physiology capable of fermenting sugars primarily into lactic acid. LAB 
species are found in two phyla, the Firmicutes and the Actinobacteria; for the first the genus, 
Aerococcus, Alloiococcus, Carnobacterium, Enterococcus, Lactobacillus, Leuconostoc, Oenococcus, 
Pediococcus, Streptococcus, Tetragenococcus, Vagococcus, and Weissella that are low G + C (31–49%) 
belong to the Bacilli class and the Lactobacillales order. While, the Bifidobacterium genus with a 
high G + C content (58–61%) belongs to the Actinobacteria phylum [6, 14, 15].

This bacterial group is classified into homofermentative and heterofermentative according 
to the end products derived from the glucose metabolism. The homofermentative converts 
glucose mainly into lactic acid by the Embden-Meyerhof pathway, while the heterofermenta-
tive LAB transforms glucose into lactic acid, carbon dioxide, and ethanol or acetic acid by the 
6-phosphogluconate pathway. LAB are capable of inhibiting the growth of spoilage and patho-
genic bacteria based on the competition for nutrients and adhesion niches due to their great 
acid tolerance and ability to adapt to redox changes [14, 15]. In addition LAB are capable to 
produce antimicrobial metabolites such as lactic and acetic acids, ethanol, hydrogen peroxide, 
diacetyl, antifungals (short-chain fatty acids derived from lipolysis reactions), antimicrobial 
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peptides known as bacteriocins, and other antibacterial proteins like peptidoglycan hydrolases 
(PGH) capable to cleave the peptidoglycan cell wall of Gram-positive and Gram-negative bac-
teria [6, 14]. Bacteriocins are ribosomal antimicrobial peptides active against closely related 
and non-related sensitive bacterial strains by forming pores in the cytoplasmic membrane and 
responsible for the reduction of microbial LAB competitors under stress conditions. Several 
studies have demonstrated the potential of bacteriocins to be applied for food preservation 
and in the pharmaceutical industry for their action against spoilage microorganisms and 
pathogens such Listeria monocytogenes and Staphylococcus aureus [16–18].

LAB have been safely used for centuries in numerous indigenous food fermentations up to 
the actual modern industry in the elaboration processes for dairy products, vegetables, meats, 
coffee, cocoa, silages, sourdough bread, and wine, as LAB contribute to the taste, flavor, and 
texture of those fermented products but also inhibit the development of spoilage and patho-
genic microorganism by acidification and production of antimicrobials [14, 19]. Therefore, 
LAB are widely employed as starter cultures in the food industry to accelerate ripening or 
to control the adventitious microbiota for elaboration and preservation of several fermented 
foods including dairy (hard- and semihard-type cheeses, yogurt, butter, and cream), meats, 
sourdough bread, and vegetables. LAB contribute to the taste, flavor, and texture of those fer-
mented products as a result of several reactions, including lipolysis, proteolysis, and conver-
sion of lactose in citrate and pyruvate intermediates that can be converted to various aromatic 
compounds, such as diacetyl, acetoin, acetaldehyde, and acetic acid. Proteolytic processes 
induces the accumulation of small peptides and free amino acids that are further transformed 
into alcohols, aldehydes, acids, and esters responsible for the flavor profile and organoleptic 
characteristics of fermented foods [14]. In addition some LAB strains such as Lactococcus lactis, 
Lactobacillus sakei, Lactobacillus rhamnosus, Lactobacillus helveticus, and Streptococcus thermophilus 
can produce exopolysaccharides (EPS) that not only confer protection to the cell producer but 
can be applied in the food industry as thickeners to increase viscosity and firmness, improv-
ing texture and mouthfeel of yogurt and other low-fat milk products. The EPS produced by 
LAB range from 10 to >2000 kDa and can be classified as homo- or heteropolysaccharides 
according to their monomer composition, where galactose, glucose, and rhamnose are the 
most common monomers [20].

Some LAB are present in the respiratory, gastrointestinal, and genital tracts of humans and 
animals and therefore used as probiotics for healthiness improvement related to their influence 
on the immune system for the prevention and control of some infections during pregnancy 
or as part of the treatment for antibiotic-derived diarrhea, constipation, and intestinal inflam-
mation, also to manage allergies and lactose intolerance and prevention of urinary infections 
[21–23]. The WHO and FAO describe the probiotics as live microorganisms that in adequate 
amounts confer health benefits for the host [24]. Several strains of Lactoccocus, Lactobacillus, 
Streptococcus, Enterococcus, Bifidobacterium, Pediococcus, and Propionibacteria present in foods and 
in dietary supplements are commonly used as probiotics and considered desirable members of 
the intestinal microbiota that can be used to deliver vaccines and other metabolites directly in 
the gastrointestinal tract [21]. Consumption of LAB probiotics may help for modulation of the 
immune system and reduction of pathogens, thereby, improving the gut functionality. Other 
health benefits associated to the consumption of LAB probiotics include an antihypertensive 
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transmissible to pathogens through the food chain [3, 6]. The resistance to a specific antimicro-
bial may be intrinsic (when a microorganism does not possess target sites for the antimicrobial) 
or acquired. The acquired resistance is more complex and involves the presence of enzymes 
that inactivate the antimicrobial, posttranscriptional, or posttranslational modifications of the 
target site or reduction uptake and active efflux of the antimicrobial; those mechanisms derive 
from the gain of exogenous DNA or the mutation of indigenous DNA [4, 9, 10]. In general the 
AR genes can be horizontally transferred from one microorganism to another by transduction 
(via bacteriophages) or by transformation between microorganisms (when released DNA is 
taken up by other microorganism). However, it is claimed that the primary mechanism to 
acquire resistant is by direct cell to cell contact or conjugation between different genera of 
bacteria, especially when the resistant genes are present on mobile genetic elements such as 
plasmids and transposons [5, 10, 11]. LAB are highly adaptable and capable of developing 
resistance to antibiotics; most AR studies were focused on pathogenic microorganisms, but 
recently some investigators have questioned the safety of commensal LAB as some strains of 
Lactococcus lactis, Enterococci, and Lactobacillus isolated from fermented foods showed genes 
conferring resistance to tetracycline, erythromycin, and vancomycin [12].

Bacterial resistance to antibiotics is an emerging public concern that may compromise the 
efficacy of agents used for the treatment of infectious diseases [13]. Therefore, the objective of 
this chapter is to present an overview of the LAB antibiotic resistance and some methods to 
determine this characteristic, as per the FAO/OMS guideline for testing food-related bacteria 
and probiotics for resistance patterns.

2. Lactic acid bacteria

The term lactic acid bacteria refers to a taxonomically diverse group of Gram-positive bacte-
ria, facultative anaerobic, nonspore-forming, nonmotile, and acid-tolerant cocci, coccobacilli, 
or rods that appear as single cells or forming couples, tetrads, or long chains, with common 
metabolism and physiology capable of fermenting sugars primarily into lactic acid. LAB 
species are found in two phyla, the Firmicutes and the Actinobacteria; for the first the genus, 
Aerococcus, Alloiococcus, Carnobacterium, Enterococcus, Lactobacillus, Leuconostoc, Oenococcus, 
Pediococcus, Streptococcus, Tetragenococcus, Vagococcus, and Weissella that are low G + C (31–49%) 
belong to the Bacilli class and the Lactobacillales order. While, the Bifidobacterium genus with a 
high G + C content (58–61%) belongs to the Actinobacteria phylum [6, 14, 15].

This bacterial group is classified into homofermentative and heterofermentative according 
to the end products derived from the glucose metabolism. The homofermentative converts 
glucose mainly into lactic acid by the Embden-Meyerhof pathway, while the heterofermenta-
tive LAB transforms glucose into lactic acid, carbon dioxide, and ethanol or acetic acid by the 
6-phosphogluconate pathway. LAB are capable of inhibiting the growth of spoilage and patho-
genic bacteria based on the competition for nutrients and adhesion niches due to their great 
acid tolerance and ability to adapt to redox changes [14, 15]. In addition LAB are capable to 
produce antimicrobial metabolites such as lactic and acetic acids, ethanol, hydrogen peroxide, 
diacetyl, antifungals (short-chain fatty acids derived from lipolysis reactions), antimicrobial 
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peptides known as bacteriocins, and other antibacterial proteins like peptidoglycan hydrolases 
(PGH) capable to cleave the peptidoglycan cell wall of Gram-positive and Gram-negative bac-
teria [6, 14]. Bacteriocins are ribosomal antimicrobial peptides active against closely related 
and non-related sensitive bacterial strains by forming pores in the cytoplasmic membrane and 
responsible for the reduction of microbial LAB competitors under stress conditions. Several 
studies have demonstrated the potential of bacteriocins to be applied for food preservation 
and in the pharmaceutical industry for their action against spoilage microorganisms and 
pathogens such Listeria monocytogenes and Staphylococcus aureus [16–18].

LAB have been safely used for centuries in numerous indigenous food fermentations up to 
the actual modern industry in the elaboration processes for dairy products, vegetables, meats, 
coffee, cocoa, silages, sourdough bread, and wine, as LAB contribute to the taste, flavor, and 
texture of those fermented products but also inhibit the development of spoilage and patho-
genic microorganism by acidification and production of antimicrobials [14, 19]. Therefore, 
LAB are widely employed as starter cultures in the food industry to accelerate ripening or 
to control the adventitious microbiota for elaboration and preservation of several fermented 
foods including dairy (hard- and semihard-type cheeses, yogurt, butter, and cream), meats, 
sourdough bread, and vegetables. LAB contribute to the taste, flavor, and texture of those fer-
mented products as a result of several reactions, including lipolysis, proteolysis, and conver-
sion of lactose in citrate and pyruvate intermediates that can be converted to various aromatic 
compounds, such as diacetyl, acetoin, acetaldehyde, and acetic acid. Proteolytic processes 
induces the accumulation of small peptides and free amino acids that are further transformed 
into alcohols, aldehydes, acids, and esters responsible for the flavor profile and organoleptic 
characteristics of fermented foods [14]. In addition some LAB strains such as Lactococcus lactis, 
Lactobacillus sakei, Lactobacillus rhamnosus, Lactobacillus helveticus, and Streptococcus thermophilus 
can produce exopolysaccharides (EPS) that not only confer protection to the cell producer but 
can be applied in the food industry as thickeners to increase viscosity and firmness, improv-
ing texture and mouthfeel of yogurt and other low-fat milk products. The EPS produced by 
LAB range from 10 to >2000 kDa and can be classified as homo- or heteropolysaccharides 
according to their monomer composition, where galactose, glucose, and rhamnose are the 
most common monomers [20].

Some LAB are present in the respiratory, gastrointestinal, and genital tracts of humans and 
animals and therefore used as probiotics for healthiness improvement related to their influence 
on the immune system for the prevention and control of some infections during pregnancy 
or as part of the treatment for antibiotic-derived diarrhea, constipation, and intestinal inflam-
mation, also to manage allergies and lactose intolerance and prevention of urinary infections 
[21–23]. The WHO and FAO describe the probiotics as live microorganisms that in adequate 
amounts confer health benefits for the host [24]. Several strains of Lactoccocus, Lactobacillus, 
Streptococcus, Enterococcus, Bifidobacterium, Pediococcus, and Propionibacteria present in foods and 
in dietary supplements are commonly used as probiotics and considered desirable members of 
the intestinal microbiota that can be used to deliver vaccines and other metabolites directly in 
the gastrointestinal tract [21]. Consumption of LAB probiotics may help for modulation of the 
immune system and reduction of pathogens, thereby, improving the gut functionality. Other 
health benefits associated to the consumption of LAB probiotics include an antihypertensive 
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effect, reduction in the serum cholesterol level, antioxidant effect, protection against colon can-
cer, reduction in the allergy symptoms, reduction in dental caries, and reduction in the obesity 
index [21, 22]. In addition, secondary metabolites with health-promoting properties include the 
antihypertensive angiotensin-converting enzyme produced through the proteolytic system of 
Lactobacillus helveticus, Lactobacillus acidophilus, and Lactobacillus delbrueckii [14, 22].

LAB are considered naturally resistant to several antibiotics and may have the potential 
to acquire resistance to other antimicrobials or to disseminate the resistance to pathogens 
present in the gastrointestinal tract of animals and humans [9]. For instance, Shao et al. [11] 
demonstrated that two isolates of L. plantarum possessed the aaadA and ant(6) genes associ-
ated to the resistance to streptomycin, and the overexposure to this antibiotic dramatically 
increased the minimum inhibitory concentration (MIC) and increased a cross-resistance to 
other antibiotics from the same class. On the other hand, the presence of 6% strains isolated 
from some pharmaceutical and dairy products from Egypt with tetracycline [tet(M)] and/
or erythromycin [erm(B)] resistant genes has been reported [21]. In a similar study, a high 
incidence of Lactobacillus resistant to vancomycin (58%), erythromycin (10.8%), tetracycline 
(4.3%), gentamicin (48%), and ciprofloxacin (26%) was reported in Turkish fermented dairy 
products [13]. However, studies made by Flores and Mayo [25] indicate that no transfer of 
the tetracycline [tet(M)] and erythromycin [erm(B)] resistant genes from S. thermophilus to L. 
delbrueckii was detected during the production and storage of yogurt. Furthermore, the food 
chain can facilitate the transmission of antibiotic-resistant bacteria between animals, foods, 
and humans, being the fermented milk and meat products the most common vehicle for 
antibiotic-resistant bacteria to the indigenous flora of the gastrointestinal tract, as these prod-
ucts are consumed without a thermal treatment [12]. Even though that some reports confirm 
the transmission of resistant determinants, the two most common resistant genes in LAB are 
tetracycline [tet(M)] and erithromycin [erm(B)] resistant genes, followed by cat genes coding 
for chloramphenicol resistance [26]. Considering the wide range of potential applications of 
LAB in the industry and in the human and animal health, there is a need of their detailed 
examination that involves the detection of AR genes.

3. Transfer mechanisms of antibiotic resistance genes

For antibiotics to function and inhibit microbial growth, they must be at the proper concen-
tration so that they can cross the cellular wall and interact with their target. As previously 
mentioned, AR is the capacity that has a microorganism to resist the inhibitory activity of an 
antibiotic beyond the normal susceptibility of similar bacterial species [27]. On the other hand, 
the different mechanisms of AR are based on the modification of the antibiotic target site as 
well as on the reduction of the antibiotic concentration that manages to get the cell target.

LAB are considered carriers of resistance genes that could propagate their genes within the 
food chain between food and humans, as well as to the environment through different mecha-
nisms [27–30]. According to the FAO and WHO [24], it is important to determine whether 
starter or probiotic cultures intended for human or animal consumption have mobile resistance 
genes that could be transferred to other microorganisms [6, 31]. In addition, some authors have 
demonstrated that the use of antibiotics in animals destined for consumption, either as growth 
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promoters or pathogen inhibitors, is directly related to the presence of AR microbiota in the 
human gastrointestinal tract [27, 32]. On the other hand, Gad et al. [21] isolated some Lactobacillus, 
Streptococcus, and Lactococcus strains from both pharmaceutical and probiotic dairy products, 
but the AR tests from the pharmaceutical probiotic isolates were free of resistance genes, unlike 
the LAB isolated from dairy products that showed resistance profiles comparable to those from 
pathogens such as Staphylococcus spp., Escherichia coli, and Salmonella spp. Furthermore, some 
Enterococcus faecium strains have demonstrated the transference of vancomycin resistant genes 
from to Lactobacillus acidophilus La5 “in vitro” and “in vivo” studies in the gut mice [33].

Exposure to antibiotics may allow bacteria to develop different mechanisms to counteract the 
bactericidal effect; a single bacterium can develop different types of resistance; these systems 
include an intrinsic or innate and the acquired resistance mode. Among these, the mechanism 
that prevails within bacteria varies according to the nature of the antibiotic, the target site, 
the bacterial species, and/or whether the resistance gene is part of the chromosome or mobile 
elements such as plasmids or transposons [12, 19, 28].

3.1. Mechanisms of resistance in LAB

Two relevant elements must be present for the antibiotic-target interaction, first the antibiotic 
must recognize the target, and the concentration of the antibiotic in the target must be suffi-
cient to inhibit the bacterial growth. A resistance mechanism conduces to the antibiotic failure 
to inhibit the bacterial growth due to an inefficient antibiotic-target interaction, which can be 
classified as passive and active. The passive mechanism can only be transferred to other cells 
by clonal transfer that involves modifications of the target site or decrease in antimicrobial 
absorption, without affecting the antibiotic structure; this resistance is also known as intrinsic 
resistance. In contrast, the active mechanism involves the reduction on the concentration of 
the intracellular antibiotic by modification or degradation of its structure with enzymes or 
through the action of efflux pumps [34, 35].

Figure 1 shows the mechanisms by which some bacteria can show resistance to antibiot-
ics that involves (1) modification of the antibiotic by enzymatic complexes that prevent the 
antibiotic-target interaction, (2) enzymatic degradation of intra- or extracellular antibiotics, 
and (3) reduction in the intracellular antibiotic concentration through the activation of flow 
pumps or due to the change in the cell wall permeability [19].

The main mechanism of resistance to antibiotics presented by LAB has been related with 
multidrug-resistant (MDR) efflux pumps involved in the expulsion of structurally unrelated 
compounds [31, 36]. Wacher-Rodarte et al. [37] analyzed LAB isolated from pozol (a tradi-
tional fermented maize beverage), identifying that MDR strains such as Lactococcus lactis and 
Lactobacillus plantarum present active efflux pumps, including the chromosomally encoded 
ABC type with the LmrA transporter (lmrA gene). On the other hand, Poelarends et al. [38] 
demonstrated that the presence of the LmrA transporter in Lactococcus lactis is associated 
with the innate resistance of 17 up to 21 clinically relevant antibiotics, including aminoglyco-
sides (kanamycin and gentamicin), lincosamines (clindamycin), macrolides (erythromycin), 
quinolones (ciprofloxacin), and tetracyclines. Other authors such as Casado Muñoz et al. 
[39] reported that Lactobacillus pentosus and Leuconostoc pseudomesenteroides isolated from 
fermented olives are resistant to cephalosporins, streptomycin, and kanamycin due to the 
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effect, reduction in the serum cholesterol level, antioxidant effect, protection against colon can-
cer, reduction in the allergy symptoms, reduction in dental caries, and reduction in the obesity 
index [21, 22]. In addition, secondary metabolites with health-promoting properties include the 
antihypertensive angiotensin-converting enzyme produced through the proteolytic system of 
Lactobacillus helveticus, Lactobacillus acidophilus, and Lactobacillus delbrueckii [14, 22].

LAB are considered naturally resistant to several antibiotics and may have the potential 
to acquire resistance to other antimicrobials or to disseminate the resistance to pathogens 
present in the gastrointestinal tract of animals and humans [9]. For instance, Shao et al. [11] 
demonstrated that two isolates of L. plantarum possessed the aaadA and ant(6) genes associ-
ated to the resistance to streptomycin, and the overexposure to this antibiotic dramatically 
increased the minimum inhibitory concentration (MIC) and increased a cross-resistance to 
other antibiotics from the same class. On the other hand, the presence of 6% strains isolated 
from some pharmaceutical and dairy products from Egypt with tetracycline [tet(M)] and/
or erythromycin [erm(B)] resistant genes has been reported [21]. In a similar study, a high 
incidence of Lactobacillus resistant to vancomycin (58%), erythromycin (10.8%), tetracycline 
(4.3%), gentamicin (48%), and ciprofloxacin (26%) was reported in Turkish fermented dairy 
products [13]. However, studies made by Flores and Mayo [25] indicate that no transfer of 
the tetracycline [tet(M)] and erythromycin [erm(B)] resistant genes from S. thermophilus to L. 
delbrueckii was detected during the production and storage of yogurt. Furthermore, the food 
chain can facilitate the transmission of antibiotic-resistant bacteria between animals, foods, 
and humans, being the fermented milk and meat products the most common vehicle for 
antibiotic-resistant bacteria to the indigenous flora of the gastrointestinal tract, as these prod-
ucts are consumed without a thermal treatment [12]. Even though that some reports confirm 
the transmission of resistant determinants, the two most common resistant genes in LAB are 
tetracycline [tet(M)] and erithromycin [erm(B)] resistant genes, followed by cat genes coding 
for chloramphenicol resistance [26]. Considering the wide range of potential applications of 
LAB in the industry and in the human and animal health, there is a need of their detailed 
examination that involves the detection of AR genes.

3. Transfer mechanisms of antibiotic resistance genes

For antibiotics to function and inhibit microbial growth, they must be at the proper concen-
tration so that they can cross the cellular wall and interact with their target. As previously 
mentioned, AR is the capacity that has a microorganism to resist the inhibitory activity of an 
antibiotic beyond the normal susceptibility of similar bacterial species [27]. On the other hand, 
the different mechanisms of AR are based on the modification of the antibiotic target site as 
well as on the reduction of the antibiotic concentration that manages to get the cell target.

LAB are considered carriers of resistance genes that could propagate their genes within the 
food chain between food and humans, as well as to the environment through different mecha-
nisms [27–30]. According to the FAO and WHO [24], it is important to determine whether 
starter or probiotic cultures intended for human or animal consumption have mobile resistance 
genes that could be transferred to other microorganisms [6, 31]. In addition, some authors have 
demonstrated that the use of antibiotics in animals destined for consumption, either as growth 
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promoters or pathogen inhibitors, is directly related to the presence of AR microbiota in the 
human gastrointestinal tract [27, 32]. On the other hand, Gad et al. [21] isolated some Lactobacillus, 
Streptococcus, and Lactococcus strains from both pharmaceutical and probiotic dairy products, 
but the AR tests from the pharmaceutical probiotic isolates were free of resistance genes, unlike 
the LAB isolated from dairy products that showed resistance profiles comparable to those from 
pathogens such as Staphylococcus spp., Escherichia coli, and Salmonella spp. Furthermore, some 
Enterococcus faecium strains have demonstrated the transference of vancomycin resistant genes 
from to Lactobacillus acidophilus La5 “in vitro” and “in vivo” studies in the gut mice [33].

Exposure to antibiotics may allow bacteria to develop different mechanisms to counteract the 
bactericidal effect; a single bacterium can develop different types of resistance; these systems 
include an intrinsic or innate and the acquired resistance mode. Among these, the mechanism 
that prevails within bacteria varies according to the nature of the antibiotic, the target site, 
the bacterial species, and/or whether the resistance gene is part of the chromosome or mobile 
elements such as plasmids or transposons [12, 19, 28].

3.1. Mechanisms of resistance in LAB

Two relevant elements must be present for the antibiotic-target interaction, first the antibiotic 
must recognize the target, and the concentration of the antibiotic in the target must be suffi-
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variation of the cell wall permeability as their main mechanism of resistance; they also pointed 
that both strains presented a complex AcrAB-TolC system involved in MDR efflux pumps 
for β-lactams, fluoroquinolones, chloramphenicol, tetracycline, and other genes related with 
chromosomally encoded superfamily pumps norA and Mde that confer resistance to chloram-
phenicol and fluoroquinolones.

The resistance to aminoglycosides in LAB has not been reported, although in recent years 
LAB isolated from farm origin show resistant to gentamicin, kanamycin, and streptomycin, 
whose resistance mechanism is associated to impaired transport or enzymatic inactivation 
by three main aminoglycoside-modifying enzymes (AMEs) as N-acetyltransferases (AACs), 
O-phosphotransferases (APHs), and O-nucleotidyltransferases (ANTs) encoded by MGEs 
(mobile genetic elements) like transposons and insertion sequences [40].

Some bacteria belonging to the genera Enterococcus, Lactobacillus, Pediococcus, and Bifidobacterium 
present both intrinsic or innate and extrinsic or acquired AR, which can be a factor of food 
safety as they can spread resistance to other bacteria by vertical (between species) or horizon-
tal transference (between bacterial genera) [25, 29, 31, 41].

3.1.1. Intrinsic resistance

Intrinsic resistance is the natural or innate ability of a bacterium to survive the effect of anti-
biotics, as a result of mutations derived from changes in the bacterial physiological state or 
by the uncontrolled exposure to antibiotics [42]. Intrinsic resistance has a minimum propaga-
tion potential between bacterial genera, as resistance genes are located into the chromosome 
with a limited transference to other genus, which represents a low risk within nonpathogenic 
bacteria. Any gene responsible for intrinsic resistance could be disseminated and transferred 
to other bacteria if it is flanked by insertion sequences that may promote its mobilization [12]. 
For instance, Bifidobacterium strains are commonly used as starter cultures and/or prebiotics 

Figure 1. Mechanisms of antibiotic resistance in the LAB: (1) enzymatic modification, (2) enzymatic degradation, and (3) 
enzyme efflux pumps. Adapted from Sharma et al. [19].
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in traditional and industrialized fermented foods although they have intrinsic resistance to 
quinolones (ciprofloxacin and nalidixic acid), mupirocin, tetracyclines, and aminoglycosides 
such as streptomycin; however, all the genes are located in the chromosome with a limited 
transference to other genus [28, 43]. It has been reported that some LAB genera have intrin-
sic resistance to bacitracin, vancomycin, kanamycin, teicoplanin, and quinolones [28]. This 
intrinsic resistance mechanisms presented by LAB include:

• Modification of the cell wall, commonly observed in the resistance to glycopeptides 
(vancomycin and teicoplanin) and non-ribosomal antibiotics (bacitracin). In particular, 
Lactobacillus plantarum and Enterococcus faecium present innate resistance to vancomycin, 
due to the substitution of D-alanine residues of the muramyl pentapeptide cell wall by 
D-lactate (high-level resistance) or D-serine (low-level resistance) in the chemical structure 
of the peptidoglycan, thus avoiding the antibiotic interaction [35, 41, 44].

• Enzymatic inactivation such as for aminoglycosides (neomycin, kanamycin, streptomycin) 
or quinolones (ciprofloxacin, norfloxacin, nalidixic acid) prevents the binding of these anti-
biotics with their specific targets, as observed for Lactobacillus and Enterococcus for the 16S 
rRNA of the 30S ribosomal bacterial subunit and DNA gyrase, respectively, that explains 
the intrinsic resistance to both groups of antibiotics [29, 40].

3.1.2. Extrinsic resistance

Extrinsic or acquired resistance is one in which bacteria can incorporate into their cellular 
structure mobile genetic material capable of conferring resistance to certain antibiotics. Unlike 
intrinsic resistance, the acquired resistance is only found in some traits or bacterial subpopu-
lations. The gene propagation may occur between bacteria of different genera or between 
different organisms. The horizontal gene transfer (HGT) occurs when the bacteria is capable 
of acquiring new genes that can increase their intrinsic resistance spectrum, or they can trans-
fer resistance to other microorganisms or directly to humans or animals, which is already 
considered a health risk, according to the WHO. Therefore, the protocols for the analysis of 
resistance genes in LAB are increasing as they have a high capacity to acquire AR and since 
they have a close relationship with food processing [6, 19, 31, 45, 46]. Figure 2 shows the 
three main mechanisms of HGT; some of which are not considered relevant in the transfer 
of resistance to antibiotics in LAB, for example, transduction (through bacteriophages) and 
transformation (when DNA is released from one bacterium and is absorbed by another), as 
the conjugation is the primary mechanism observed in lactic acid bacteria [12, 19, 47, 48].

The conjugation is the transfer of mobile genetic material from plasmids or transposons 
through a tube of proteins, called sexual pilus [6]. Plasmids are extrachromosomal DNA 
molecules capable of autonomous replication and that may confer resistance to microorgan-
isms against antibiotics and represent one of the main mobile elements for dissemination of 
antibiotic-resistant genes against β-lactams, aminoglycosides, tetracyclines, chloramphenicol, 
sulfonamides, trimethoprim, macrolides, and quinolones [29, 47, 48].

Plasmids have a large number of genetic determinants that may confer resistance by conjuga-
tion, and it is important to consider that a single bacterium can have multiple plasmids [49]. 
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biotics with their specific targets, as observed for Lactobacillus and Enterococcus for the 16S 
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the intrinsic resistance to both groups of antibiotics [29, 40].
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structure mobile genetic material capable of conferring resistance to certain antibiotics. Unlike 
intrinsic resistance, the acquired resistance is only found in some traits or bacterial subpopu-
lations. The gene propagation may occur between bacteria of different genera or between 
different organisms. The horizontal gene transfer (HGT) occurs when the bacteria is capable 
of acquiring new genes that can increase their intrinsic resistance spectrum, or they can trans-
fer resistance to other microorganisms or directly to humans or animals, which is already 
considered a health risk, according to the WHO. Therefore, the protocols for the analysis of 
resistance genes in LAB are increasing as they have a high capacity to acquire AR and since 
they have a close relationship with food processing [6, 19, 31, 45, 46]. Figure 2 shows the 
three main mechanisms of HGT; some of which are not considered relevant in the transfer 
of resistance to antibiotics in LAB, for example, transduction (through bacteriophages) and 
transformation (when DNA is released from one bacterium and is absorbed by another), as 
the conjugation is the primary mechanism observed in lactic acid bacteria [12, 19, 47, 48].

The conjugation is the transfer of mobile genetic material from plasmids or transposons 
through a tube of proteins, called sexual pilus [6]. Plasmids are extrachromosomal DNA 
molecules capable of autonomous replication and that may confer resistance to microorgan-
isms against antibiotics and represent one of the main mobile elements for dissemination of 
antibiotic-resistant genes against β-lactams, aminoglycosides, tetracyclines, chloramphenicol, 
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tion, and it is important to consider that a single bacterium can have multiple plasmids [49]. 
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Some authors indicate that the genetic diversity of resistance is proportional to the number of 
plasmids present in the environment, without forgetting that there are other mobile elements 
such as transposons and integrons, although these elements do not self-replicate and must be 
transported by an appropriate plasmid or phage [49, 50]. Some conjugative transposons used 
as vehicle of antibiotic resistance genes in LAB include Tn916, Tn918, Tn920, Tn925, Tn2702 
(E. faecalis), Tn5233 (E. faecium), Tn5276, and Tn5301 (Lactococcus lactis) [19].

3.2. Resistance to antibiotics in LAB

As mentioned, the presence of resistance genes in LAB is considered a public health problem, 
so the EFSA through the panel of additives and products or substances used in animal feed 
(FEEDAP) developed a technical guide to identify the bacteria that show acquired resistance 
to antibiotics such as ampicillin, vancomycin, gentamicin, kanamycin, streptomycin, erythro-
mycin, clindamycin, tetracyclines, and chloramphenicol [51]. Most LAB that present acquired 
resistance in the food production chain include the obligate homofermentative Lactobacillus gen-
era (L. helveticus, L. acidophilus, L. delbrueckii), obligate heterofermentative Lactobacillus (L. reuteri,  
L. fermentum), heterofermentative Lactobacillus facultative (L. plantarum, L. rhamnosus, L. paracasei), 
Lactococcus lactis, Streptococcus thermophilus, Pediococcus spp., Leuconostoc spp., and Enterococcus 
spp. [31, 51]. On the other hand, LAB can be incorporated into food in the form of probiotic or 
starter cultures or they can be part of the natural microbiota of traditional fermented foods, but 
some authors have found that the vast majority of these bacteria are resistant to antibiotics [6, 
19, 31, 40, 45]. Table 2 shows some AR LAB isolated from traditional fermented foods, indus-
trialized and probiotic recommended for improving the intestinal microbiota [20, 37, 49, 50].  

Figure 2. Mechanisms of horizontal gene transfer in the LAB. (1) conjugation is a process requiring the cell to cell contact 
via cell surface pili; (2) cell transformation by integrating extracellular DNA; (3) transduction, bacteriophages may 
transfer bacterial DNA from a previously infected donor cell to the recipient cell. Adapted from Sharma et al. [19] and 
Von Wintersdorff et al. [47].
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In particular, the enterococcal and Lactobacillus genera may be associated to a health risk, as 
they carry innate and acquired resistance genes and because of their high residence in food and 
in the gastrointestinal microbiome of humans and animals [28, 36].

3.2.1. Enterococcus

Enterococci are widely distributed in vegetables, dairy products, prepared foods, and meat prod-
ucts and used as probiotics; however, they have intrinsic resistance to a large number of antibiot-
ics such as β-lactams and aminoglycosides. In some cases, they can present profiles of resistance 
similar to enterococci considered nosocomial emergent pathogens which could present multiple 
drug resistance (MDR) with mechanisms of resistance that include modification of pharmacolog-
ical targets, inactivation of therapeutic agents, overexpression of efflux pumps, and sophisticated 
adaptive response of cell envelope that promotes survival in the human host [41, 52].

Table 2. Lactic acid bacteria resistant to antibiotics isolated from food [20, 37, 49, 50].
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Streptomycin was the first aminoglycoside reported for which resistance appeared in enterococ-
cal strains (concentrations higher than 2000 μg/mL); this resistance is carried out by adenylation of 
streptomycin, by the action of the enzyme streptomycin adenyltransferase, encoded by the aadA 
gene [35, 41]. Resistance to gentamicin, kanamycin, neomycin, and netilmicin (aminoglycosides 
as well) is mainly due to the production of the bifunctional enzyme 2′-phosphotransferase-6′-
acetyltransferase, which promotes the ATP-dependent phosphorylation of aminoglycosides [41].

Strains of enterococci of clinical origin between 60 and 65% exhibit resistance to tetracyclines, 
although these antibiotics are not routinely used in the treatment of infections caused by 
these microorganisms. There are two fundamental mechanisms of resistance to tetracyclines 
in enterococci: flow pumps and protection of the ribosome, thus preventing the binding of the 
antibiotic. The tetK and tetL genes code for proteins associated to flow pumps responsible to 
remove the antibiotic outside of the cell, while the tetM, tetO, and tetS genes code for proteins 
that provide resistance to tetracyclines for ribosome protection. The tetL and tetM genes are 
the most frequent in the chromosome and mobile determinants [41, 52, 53]. Finally, vanco-
mycin (glycopeptide) is the main cause of concern, since this antibiotic is considered at the 
last option for antibiotic therapy for the treatment of Gram-positive bacteria. The resistance 
to vancomycin in enterococci is varied, having described six genotypes called vanA, vanB, 
vanC, vanD, vanE, and vanG, where the genotype vanA is more frequent in the Enterococcus 
genus [41].

3.2.2. Lactobacillus

In general, Lactobacilli have a high natural resistance to vancomycin, bacitracin, cefoxitin, 
metronidazole, nitrofurantoin, and sulfadiazine, as well as antibiotics that inhibit the synthe-
sis of proteins such as chloramphenicol, erythromycin, quinupristin/dalfopristin, lincomycin, 
clindamycin, and tetracyclines [45]. Guo et al. [54] observed 85% of incidence of vancomy-
cin resistance in food isolated Lactobacillus strains, especially in Lactobacillus plantarum and 
Lactobacillus casei, with the lower frequency for Lactobacillus helveticus, but these resistances 
are not transferable, as genes are located in the chromosome [54]. In addition, genes that code 
for resistance to tetracycline and erythromycin have been detected in different Lactobacillus 
species isolated of probiotics and foods [12, 31, 55].

The genus Lactobacillus is an excellent receptor for exogenous genes by conjugation, as dem-
onstrated by Abriouel et al. [45] for the conjugative pAMβ1 plasmid found in Lactobacillus 
plantarum that could be obtained from enterococci and streptococci. Lactobacillus are commonly 
susceptible to antibiotics, such as penicillins (ampicillin, oxacillin, and piperacillin), inhibitors of 
β-lactamase, and cephalosporins (cephalothin and cefuroxime, ceftriaxone and cefoxitin), but in 
recent years some authors have reported resistance to penicillin G in some strains of Lactobacillus 
rhamnosus, Lactobacillus reuteri, and Lactobacillus plantarum [45, 56]. Other studies demonstrated 
that Lactobacillus rhamnosus is safe to use as a starter or probiotic culture, despite having resis-
tance genes to vancomycin, as these resistance is encoded into the chromosome [45, 48, 54].

3.3. Horizontal transfer of LAB to the intestinal microbiota

The horizontal gene transfer (HGT) involves the gene interchange between different bacteria 
through mobile DNA elements such as plasmids, conjugative transposons, integrons, and 
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bacteriophages [27, 47–49]. The transfer of resistance genes by HGT initiates from the farm ani-
mals that were treated with antibiotics used as growth promoters to prevent diseases, but these 
uncontrolled treatments may induce resistance in their intestinal microbiota; later this biota 
can reach foods and finally being transferred to the human [3]. Conjugation in food matrices 
has been reported from commensal bacterium (Enterococcus faecalis and Lactococcus lactis) to 
potentially pathogenic strains (Listeria spp., Salmonella spp., Staphylococcus aureus, and E. coli) in 
fermented milk [25, 27]. Also, the transfer of tetracycline resistance genes among LAB has been 
reported in fermented milk and fermented sausages [27]. Martínez and Baquero [34] report the 
HGT of tetracycline and vancomycin resistance genes in Enterococcus faecalis during the fermen-
tation process of cheese and sausages. Bonham et al. [30] have demonstrated that aged cheeses 
contain AR Lactobacillus and Lactococcus that acquired the resistance through HGT induced by 
the strong condition of microbial selection during the food production and maturation process.

A wide diversity of AR species can be found in the human gastrointestinal tract that could be 
acquired AR genes by HGT; this fact is related to the metagenomic comparison showing that 
most resistance genes found in the human microbiome are those associated with approved 
antibiotics used in livestock, which supported the hypothesis that resistance genes can be trans-
ferred from the farm to consumers [48]. Therefore, the WHO indicates that the HGT genes can 
be a significant health problem, as most antibiotic resistance is acquired through the HGT [1].

4. Regulation of the use of LAB

The FDA categorizes microorganisms with the GRAS distinction after being evaluated in 
general aspects of safety, taxonomy, potential to produce pathogenicity toxins, resistance to 
antibiotics, and the historical background of food safety. LAB have a broad history of use in 
fermented foods and usually recognized as safe. However, the dissemination of AR genes 
puts the GRAS category in another context, especially for bacteria that present mobile genes 
of transfer such as Lactobacillus, since in the US there are still no guidelines that contemplate 
the type of resistance in microorganism used in food processing [57]. On the other hand, 
the EU commission regulates the safety of LAB used as starter or probiotic cultures in the 
European continent, through the EFSA that establishes guidelines for assigning qualified pre-
sumption of safety quality to the organisms since 2003. As previously mentioned, the term 
QPS is based on reasonable and qualified evidence to allow certain restrictions and may be 
analogous to the GRAS concept but with more rigid guidelines in which the reliable safety 
of the bacteria is verified, making clear the phrase “from farm to fork” [58]. The QPS status 
is given to a bacterium, by the EFSA BIOHAZ Panel (Biological Hazards) that must take into 
account the following aspects (Figure 3): (1) the identity of the taxonomic unit at the genus 
level; (2) documentation related to the LAB safety, based on scientific evidence and history of 
use; (3) pathogenicity, in which it is evaluated if any species of the genus has pathogenicity 
factors, if the information is available, the pathogenic strains are excluded; and (4) knowledge 
of the final use of the microorganism, identifying if the bacteria is part of the food chain or if 
it is used to produce other products [6, 58].

The list of QPS includes species of Lactobacillus sakei, Lactobacillus curvatus, Lactobacillus 
plantarum, Lactobacillus fermentum, Lactobacillus brevis, Lactobacillus rhamnosus, Lactobacillus 
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uncontrolled treatments may induce resistance in their intestinal microbiota; later this biota 
can reach foods and finally being transferred to the human [3]. Conjugation in food matrices 
has been reported from commensal bacterium (Enterococcus faecalis and Lactococcus lactis) to 
potentially pathogenic strains (Listeria spp., Salmonella spp., Staphylococcus aureus, and E. coli) in 
fermented milk [25, 27]. Also, the transfer of tetracycline resistance genes among LAB has been 
reported in fermented milk and fermented sausages [27]. Martínez and Baquero [34] report the 
HGT of tetracycline and vancomycin resistance genes in Enterococcus faecalis during the fermen-
tation process of cheese and sausages. Bonham et al. [30] have demonstrated that aged cheeses 
contain AR Lactobacillus and Lactococcus that acquired the resistance through HGT induced by 
the strong condition of microbial selection during the food production and maturation process.

A wide diversity of AR species can be found in the human gastrointestinal tract that could be 
acquired AR genes by HGT; this fact is related to the metagenomic comparison showing that 
most resistance genes found in the human microbiome are those associated with approved 
antibiotics used in livestock, which supported the hypothesis that resistance genes can be trans-
ferred from the farm to consumers [48]. Therefore, the WHO indicates that the HGT genes can 
be a significant health problem, as most antibiotic resistance is acquired through the HGT [1].

4. Regulation of the use of LAB

The FDA categorizes microorganisms with the GRAS distinction after being evaluated in 
general aspects of safety, taxonomy, potential to produce pathogenicity toxins, resistance to 
antibiotics, and the historical background of food safety. LAB have a broad history of use in 
fermented foods and usually recognized as safe. However, the dissemination of AR genes 
puts the GRAS category in another context, especially for bacteria that present mobile genes 
of transfer such as Lactobacillus, since in the US there are still no guidelines that contemplate 
the type of resistance in microorganism used in food processing [57]. On the other hand, 
the EU commission regulates the safety of LAB used as starter or probiotic cultures in the 
European continent, through the EFSA that establishes guidelines for assigning qualified pre-
sumption of safety quality to the organisms since 2003. As previously mentioned, the term 
QPS is based on reasonable and qualified evidence to allow certain restrictions and may be 
analogous to the GRAS concept but with more rigid guidelines in which the reliable safety 
of the bacteria is verified, making clear the phrase “from farm to fork” [58]. The QPS status 
is given to a bacterium, by the EFSA BIOHAZ Panel (Biological Hazards) that must take into 
account the following aspects (Figure 3): (1) the identity of the taxonomic unit at the genus 
level; (2) documentation related to the LAB safety, based on scientific evidence and history of 
use; (3) pathogenicity, in which it is evaluated if any species of the genus has pathogenicity 
factors, if the information is available, the pathogenic strains are excluded; and (4) knowledge 
of the final use of the microorganism, identifying if the bacteria is part of the food chain or if 
it is used to produce other products [6, 58].

The list of QPS includes species of Lactobacillus sakei, Lactobacillus curvatus, Lactobacillus 
plantarum, Lactobacillus fermentum, Lactobacillus brevis, Lactobacillus rhamnosus, Lactobacillus 
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alimentarius, Leuconostoc lactis, Leuconostoc citreum, Leuconostoc mesenteroides, Leuconostoc 
 pseudomesenteroides, Pediococcus acidilactici, Pediococcus dextrinicus, Pediococcus pentosaceus, 
Lactococcus lactis, and Streptococcus thermophilus [6]. In the case of Enterococcus, the QPS cat-
egory cannot be assigned to all species; each specie must be individually analyzed [6].

5. Methods to identify antibiotic-resistant LAB

Most widely used antibiotic susceptibility testing methods are based on (1) phenotypic 
detection of antibiotic resistance by measuring bacterial growth in the presence of the tested 
antibiotic and (2) molecular identification of resistant genotypes through polymerase chain 
reaction (PCR) [21, 25, 29, 39, 54]. The evaluation of phenotypic susceptibility to antibiotics in 
lactic acid bacteria should be done using recognized methods that allow the identification of 
the minimum inhibitory concentration (MIC) for the most commonly used antibiotics. Most 
LAB species used in food can be evaluated by the method described in ISO 10932: 2010 [59], 
considering the conditions and culture media for Bifidobacteria and LAB that do not belong to 
the genus enterococci [56, 57]. In case of having strains of Enterococcus, it is recommended to 
use the methods described by the Clinical and Laboratory Standards Institute [21, 60]. Some 
of the recommended methods to determine the MIC in LAB are the E-test, the Kirby-Bauer 
test (diffusion method), and the broth microdilution method (MDIL) [43]. In particular the 
cutoff values are known for the genera Lactobacillus, Pediococcus, Lactococcus, Streptococcus, and 
Bifidobacteria. The MDIL method is widely used to evaluate MIC for a large number of strains 
and antibiotics, although the method has some limitations, especially for those antibiotics 
for which a strain could quickly acquire resistance [43]. However, MIC evaluation in LAB 
is somewhat inconsistent among the researchers, mainly due to the lack of culture media 
that can ensure proper growth of LAB without interfering with the assay results. Therefore, 

Figure 3. Scheme for assessing the suitability for qualified presumption of safety (QPS) status of a BAL. adapted from 
Laulund et al. [58].
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a complementary technique involves the search for AR genes using PCR techniques and 
microarrays [25, 29, 54]. Also, identifying the location of these genes allows to determine their 
potential transfer, while their sequencing can provide evidence of their bacterial taxa and 
identity of the genes, which helps to trace the origin of their genomes [29].

Functional metagenomics is an important approach in the investigation of antibiotic resistance 
genes (ARG) since it can be used to identify and characterize new ARG, including those not pre-
viously associated with antibiotic resistance [48, 61]. It is also one of the most recent techniques 
in the study of resistance in pure bacterial groups or more complex samples such as food; some 
works reported in the literature indicate the wide diversity of resistance systems that are pres-
ent in food, considering the cultivable and not cultivable bacteria. Metagenomic studies help 
to understand the mechanisms of resistance in such a way that it allows direct applications in 
the identification of new drugs and the synthesis of novel and active antibiotic molecules [61].

5.1. Procedure to evaluate LAB resistant to antibiotic used in food

The FEEDAP Panel proposed a scheme to evaluate the resistance present in lactic acid bacteria 
that can be used as probiotic or starter cultures in food processing; as previously mentioned, it 
is essential to distinguish between the intrinsic and acquired resistance as part of the food safety 
of lactic acid bacteria [58, 62]. The correct identification of the bacteria (sequencing and com-
parison of the 16S rDNA gene in international databases) by molecular taxonomy is essential 
to evaluate the type of resistance, since the intrinsic resistance is specific for a specie or genus. 
Once the specie under study has been identified, the MIC (minimum inhibitory concentration) 

Figure 4. Proposed scheme for the antibiotic resistance assessment of lactic acid bacteria used as probiotic and starter 
culture. Adapted from Laulund et al. [58] and EFSA [62].
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of lactic acid bacteria [58, 62]. The correct identification of the bacteria (sequencing and com-
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in which the LAB is sensitive to the antibiotic analyzed is determined. The bacterium can 
be considered safe when the MIC is lower than the cutoff level (MIC < cutoff). On the other 
hand, if the MIC value is above the cutoff value (MIC > cutoff), the bacterium is considered 
resistant to the antibiotic, and its resistance should be confirmed by molecular methods as PCR 
[39, 54, 62]. However, the resistance genes not always are expressed but can be transferred to 
other bacteria if the environmental conditions stimulate the expression of these genes [34]. If 
the bacteria have intrinsic resistance, it is considered acceptable for use in food. Otherwise, it 
must be demonstrated whether the acquired resistance is in mobile genetic material or was 
acquired in the process of mutation in the bacterial chromosome (also acceptable for use in 
foods). Finally, the bacteria are not accepted by any regulatory body for its application in food 
if it is demonstrated that the resistance is exogenous and easily transferable (Figure 4).

6. Conclusion

LAB are of great importance in the food industry for the preparation of fermented foods, in 
addition to being widely used as probiotics to regulate the intestinal microbiota in animals 
and humans. However, it is important to carry out the appropriate tests to identify the pres-
ence of antibiotic resistance genes that can be transferred horizontally to other microorgan-
isms, whether pathogenic or those present in the gastrointestinal microbiota, which can cause 
a health problem because of the continuous exposure to the environmental conditions that 
favor the resistance spread that threats the public health and the food production.
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Abstract

Antibiotic resistant bacteria and antibiotic resistance genes have been of the emerg-
ing contaminant threatening human health. The overuse of antibiotics, both in human 
patients and, importantly, in livestock, has led to an explosion of antibiotic-resistant 
bacteria, both in the U.S. and around the world. The prediction from the World Health 
Organization (WHO) is that, if nothing changes, the future will look a lot like the past—
where people die from minor injuries that become infected. One of the goals should be 
a long-term sustainable balance with everything in our environment, including bacteria 
to promote human health. Different microbial techniques have been employed to study 
the occurrence and spread of antibiotic resistance in the environment, preventing us 
from returning to a pre-antibiotic era. Dissemination of antibiotic resistance genes to the 
environment is an important factor causing an increased prevalence of resistant patho-
gens. Their spread to multidrug-resistant pathogens is one of the most emerging clinical 
challenges.

Keywords: antibiotic resistant genes, antibiotic resistant bacteria, wastewater, 
wastewater treatment plant, microbial pathogens

1. Introduction

Antibiotics have been used broadly in the last decades for disease control as well as livestock 
breeding. The misuse and inappropriate disposal of antibiotics can develop antibiotic resis-
tance bacteria (ARB) and multi-drug resistant bacteria which carry one or more antibiotic 
resistance genes (ARGs). In this century, ARB and ARGs are known as emerging pollutants 
that threaten food safety and public health [1]. Antibiotic resistance has been identified as 
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a main public health concern by the World Health Organization [2, 3]. Antibiotics are most 
common strategy used in the treatment of bacterial infections, in addition, antibacterial met-
als are widely used to prevent bacterial attachment and to combat biofilms in hospital and 
food processing settings [2].

Antibiotics have been detected in sewage effluents, ground and surface water, sewage sludge, 
soil, and manure. Studies on the fate of antibiotics are motivated by two main concerns; first, 
antibiotics in the environment may contribute to the development of antibiotic resistant 
pathogens, second, the ecological consequences of antibiotic contamination that may enter 
in the human food chain. In a study conducted by Clarke and Smith on antibiotics in biosol-
ids, norfloxacin, ofloxacin, ciprofloxacin, and doxycycline were measured in the sludge of a 
Swedish WWTP. Similar concentrations of ciprofloxacin and norfloxacin were also observed 
in sewage sludge samples from Switzerland. The concentration of these antibiotics was at the 
low mg kg−1 dry weight range and was constant during the treatment processes. The same 
compounds and concentration were measured in soil that was amended by biosolids. Some of 
the compounds, for instance, carbamazepine and sulfamethazine can be translocated from the 
soil into the aerial plant components by uptake mechanisms in greenhouse plants [4].

Kim and Aga [5] studied the effects of antibiotics and ARB of wastewater treatment plants 
(WWTPs) on ecology and human health. Their study introduced the WWTPs as a point 
contamination source of persistent pharmaceuticals that affect the design and operation of 
treatment systems, antibiotic resistance development among pathogenic bacteria, and accu-
mulation of persistent pharmaceuticals in soil and water. Their study estimated concentra-
tions of antibiotics in untreated municipal wastewater in the United States and showed their 
possible metabolites in activated sludge [5]. They concluded that the disappearance of the 
parent pharmaceuticals in WWTPs does not certainly mean their complete removal. The pres-
ence of pharmaceuticals in the aquatic environment has ecotoxicological effects that impact 
the algal community structure and shifts the food web structure of streams [5]. The potential 
ecological and health impacts of antibiotics in the environment were investigated using envi-
ronmental risk assessment including a two-stage process; estimation of expected introductory 
concentration (EIC) entering the environment and predicted environmental concentration 
(PEC). PEC is needed if the drug has the potential to bioaccumulate in the environment [5].

Determination and characterization of pharmaceutical compounds, antibiotics in particular, 
has attracted attention because of their ecotoxicological effects [5–7]. Antibiotics, such as 
tetracycline, sulfamethoxazole, ciprofloxacin, norfloxacin, trimethoprim, and ofloxacin, are 
determined in high concentration in the sludge of different WWTPs. In a study directed by 
Martin [6] sludge from four sludge stabilization treatments including anaerobic digestion, 
aerobic digestion, composting and the lagoon was monitored to detect the occurrence of 22 
pharmaceutically active compounds. The average concentrations of studied compounds were 
179, 310 and 142 μg/kg of sludge dry matter in primary sludge, secondary sludge, and mixed 
sludge, respectively. Sewage sludge that is used for the land application is always treated 
during one or more treatment processes namely, lime stabilization, thickening, dewatering, 
drying, anaerobic digestion or composting processes. However, many contaminants like anti-
biotic compounds may not be removed efficiently [6].

Antimicrobial Resistance - A Global Threat76

There is a report on the presence of 24 pharmaceuticals in 12 municipal and 4 livestock 
wastewater sludge showing that 17 and 14 pharmaceuticals were presented in municipal 
and livestock WWTPs, respectively. Nonsteroidal anti-inflammatory drugs were dominant 
in municipal WWTPs ranging from 0.42 to 367 mg/kg, whereas antibiotics (43.6 to 142 mg/kg) 
were dominant in livestock WWTPs [7]. The wide use of antibiotics in the livestock industry 
resulted in resistance of antibiotics to degradation that can lead to antibiotic resistance devel-
opment in the environment [7].

The concentration of 16 antibiotics was measured in sewage and activated sludge samples 
using high-performance liquid chromatography-tandem mass spectrometry [8]. Statistical 
analysis included general analysis (averages and standard errors), cluster analysis, and cor-
relation and regression analysis (Pearson analysis). Their study found significant correlations 
between the relative abundance of ARGs and the corresponding residual antibiotic concentra-
tions and heavy metals in the effluents of WWTPs and pre-treatment units for the antibiotics 
or metals are suggested. Further studies are essential to prove the causation of the results of 
this study [8].

2. Occurrence of antibiotic resistance in WWTPs

High concentration of antibiotics and their associated ARB and ARGs in the effluent of WWTPs 
enter the environment through WWTPs discharges to rivers, wastewater reuse, irrigation and 
amending the soil by biosolids make. Antibiotic resistance genes can persist in the environ-
ment even when there is no antibiotic pressure.

Du et al. [9] studied ARGs including tet(X), tet(W), tet(G), sul(1), and intI(1) in the influent and 
effluent of different units of a municipal WWTP. The studied plant possessed the anaerobic/
anoxic/aerobic membrane bioreactors (MBR). The decrease of ARGs in anaerobic and anoxic 
units followed by an increase of ARGs in aerobic units and then decline of ARGs in MBR units 
was reported in this study [9]. Anaerobic and anoxic treatments methods were more effective 
than aerobic treatment methods at removing ARGs. Because microorganisms have lower bio-
activity under anaerobic condition and the propagation of resistance genes are inhibited [9]. 
Furthermore, a significant positive correlation was observed between ARGs and 16S rDNA in 
the wastewater treatment process [9].

Wang et al. [10] conducted a study to explore the concentration of five tetracyclines, four sul-
fonamides, and six fluoroquinolones in the rhizosphere soil that was irrigated by reclaimed 
wastewater for a long time. The total concentration of tetracycline was in the range of 12.7–
145.2 μg kg−1 while no sulfonamide was found in samples. Fluoroquinolones were randomly 
detected in soils and their highest total concentration was 79.2 μg kg−1. Based on the results of 
this study, soils that are irrigated by reclaimed wastewater accumulate antibiotics in several 
folds higher concentrations compared to the antibiotic concentration in the wastewater [10].

Wang and his research group studied soils of six public parks which were irrigated by the 
reclaimed wastewater. There was no antibiotic pressure but sulfonamide resistance genes 
(sul(1) and sul(2)) persisted in the soil. This result indicated that ARGs are more permanent 
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rather than antibiotics [10]. Based on the results of a study on removal of ARB and ARGs from 
urban wastewater, the abundance of 16S rRNA, intI1, sul(1), qnrS, blaCTX-M, and blaTEM was 
increased to pre-treatment amount after 3 days of storage of treated wastewater [11]. Hence, 
it is important to find effective processes to prevent bacterial reactivation before discharge or 
reuse of wastewater. Table 1 is reporting concentrations of ARGs in samples from biosolid 
and effluent of different WWTPs.

2.1. Effect of metal on ARGs development at WWTPs

The world is getting progressively more industrialized and urbanized which leads to eleva-
tion of heavy metals concentrations into the environment. Human activities such as mining, 
waste disposal, and corrosion of metals introduce more metal contaminations into the envi-
ronment [18]. Population growth and industrial development have resulted in the increase in 
the discharge of industrial effluents in the environment. The effluent contains antibiotics and 
heavy metals which can trigger antibiotic- and heavy metal- resistance. ARB and heavy metal 
resistant bacteria and their associated genes are a public health concern.

Municipal wastewater is a hotspot for emerging contaminants namely antibiotics, heavy met-
als, ARGs, and heavy metal resistance genes (HMRGs). There are bacteria like Escherichia coli 
and Salmonella that are resistant to multiple antibiotics and heavy metal [19]. There is some 

Treatment Method Target Biosolid (copies/mL) Effluent (copies/mL) Reference

Activated sludge tetO, tetW, 
sul1

1.00 × 108–1.78 × 109 9.12 × 105–1.05 × 106 [12]

Activated sludge

chlorination

tetC

tetA

3.09 × 108–9.33 × 108

1.23 × 108–1.29 × 109

ND* – 1.32 × 104

ND – 2.14 × 104

[13]

Activated sludge and chlorination 
and UV

tetQ

tetG

2.51 × 108–109

3.16 × 108–1.58 × 109

6.31 × 103–1.58 × 106

1.58 × 104–7.94 × 105

[14]

Activated sludge and chlorination tetO

tetQ

tetW

tetH

tetZ

9.7 × 104

8.7 × 104

1.8 × 105

5.6 × 104

2.2 × 105

2.5 × 102

1.6 × 102

4.4 × 102

1.6 × 101

5.5 × 103

[15]

Different WWTPs tetW

tetO

sul1

9.53 × 108

3.15 × 108

6.04 × 108

— [16]

Conventional tetW

tetO

sul1

2.34 × 105–2.51 × 107

6.31 × 106–1.74 × 109

5.62 × 106–2.51 × 109

ND – 4.27 × 103

ND – 9.12 × 103

2.34× 104–5.62 × 106

[17]

*ND = nondetectable.

Table 1. Results of studies on ARGs concentrations (tetracycline and sulfonamide) in WWTPs.
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experimental evidence showing a relation between the acquisition of HMRGs and ARGs by 
the mechanism of co-selection [20, 21].

Genetic co-selection of resistance genes occurs when in the presence of a stress, the selection of 
the associated resistance gene results in the persistence of additional resistance genes [20, 22]. 
Co-selection happens even without a straight effect of their specific stressors. Antibiotics and 
metals, as sources of environmental stresses, can affect bacterial antibiotic susceptibility and 
heavy metal resistance promotion. Regularly the presence of mobile genetic elements (MGEs) 
carrying multiple resistant genes results in co-selection [20, 23]. The molecular mechanisms 
behind the development of heavy metal resistance are almost similar to mechanisms which 
explain antibiotic resistance like efflux, by which MGEs transfer genes [23].

There are several studies investigating the common structural and functional characteristics 
of antibiotic-resistance and metal-resistance systems. Antibiotics namely, chloramphenicol, 
ciprofloxacin, coumermycin, rifampicin, tetracycline, and trimethoprim and also metals like 
As, Cu, Zn, Mn, Co, Ag, Hg, Cd, and Ni have been studied [21].

In another study, low total metal levels correlate with ARG abundance in soils, implying that 
low metal levels may co-select for antibiotic resistance [24]. In this study, the abundance of 11 
ARGs was quantified by quantitative polymerase chain reaction (qPCR) assay and compared 
with the metal levels in the selected soils. Copper, chromium, nickel, lead, and iron signifi-
cantly correlated with the abundance of ARGs [24].

Icgen and Yilmaz [19] conducted a research on the Kızılırmak River which receives indus-
trial discharges to study co-occurrence of heavy metal and antibiotic resistance in bacteria. 
Twenty-four isolates were found resistant to both heavy metal and antibiotics. Resistance to 
heavy metals involving lead, tin, nickel, barium, aluminum, strontium, silver and lithium 
ranged from 50 to 92% and more than 50% of the isolates were resistant to cephalosporin, 
quinolone, sulfonamide and aminoglycoside classes of antibiotics. Therefore, the discharge 
of antimicrobials to surface water may result in co-selection of heavy metal- and antibiotic-
resistant bacteria [19]. The level of heavy metal in the river varied directly with changes in 
industrial discharge and rainfall. The relation between heavy metal exposure level and metal- 
and antibiotic-resistance was not clarified.

Antibacterial properties of heavy metals may contribute to development of resistance. 
Antibacterial properties of nine pure metals including titanium, cobalt, nickel, copper, zinc, 
zirconium, molybdenum, tin, and lead have been studied using two bacterial strains, Gram-
positive Staphylococcus aureus and Gram-negative Escherichia coli [25]. Based on the results, 
the antibacterial properties of various metals were different and among the tested metals, 
titanium and tin did not exhibit antibacterial properties [25]. Among the nine mentioned met-
als, copper and zinc are common metals in WWTPs [26–28] which are in contact with ARGs 
and HMRGs. Following paragraphs explain ARGs and HMRGs correlation in detail.

2.1.1. Resistance mechanism acting on both metals and antibiotics

High concentrations of anthropogenic metal contamination in the environment can apply 
co-selection pressure and result in antibiotic-resistance through genetic couplings [28]. 
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Genetic co-selection of resistance genes occurs when in the presence of a stress, the selection of 
the associated resistance gene results in the persistence of additional resistance genes [20, 22]. 
Co-selection happens even without a straight effect of their specific stressors. Antibiotics and 
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heavy metal resistance promotion. Regularly the presence of mobile genetic elements (MGEs) 
carrying multiple resistant genes results in co-selection [20, 23]. The molecular mechanisms 
behind the development of heavy metal resistance are almost similar to mechanisms which 
explain antibiotic resistance like efflux, by which MGEs transfer genes [23].

There are several studies investigating the common structural and functional characteristics 
of antibiotic-resistance and metal-resistance systems. Antibiotics namely, chloramphenicol, 
ciprofloxacin, coumermycin, rifampicin, tetracycline, and trimethoprim and also metals like 
As, Cu, Zn, Mn, Co, Ag, Hg, Cd, and Ni have been studied [21].

In another study, low total metal levels correlate with ARG abundance in soils, implying that 
low metal levels may co-select for antibiotic resistance [24]. In this study, the abundance of 11 
ARGs was quantified by quantitative polymerase chain reaction (qPCR) assay and compared 
with the metal levels in the selected soils. Copper, chromium, nickel, lead, and iron signifi-
cantly correlated with the abundance of ARGs [24].

Icgen and Yilmaz [19] conducted a research on the Kızılırmak River which receives indus-
trial discharges to study co-occurrence of heavy metal and antibiotic resistance in bacteria. 
Twenty-four isolates were found resistant to both heavy metal and antibiotics. Resistance to 
heavy metals involving lead, tin, nickel, barium, aluminum, strontium, silver and lithium 
ranged from 50 to 92% and more than 50% of the isolates were resistant to cephalosporin, 
quinolone, sulfonamide and aminoglycoside classes of antibiotics. Therefore, the discharge 
of antimicrobials to surface water may result in co-selection of heavy metal- and antibiotic-
resistant bacteria [19]. The level of heavy metal in the river varied directly with changes in 
industrial discharge and rainfall. The relation between heavy metal exposure level and metal- 
and antibiotic-resistance was not clarified.

Antibacterial properties of heavy metals may contribute to development of resistance. 
Antibacterial properties of nine pure metals including titanium, cobalt, nickel, copper, zinc, 
zirconium, molybdenum, tin, and lead have been studied using two bacterial strains, Gram-
positive Staphylococcus aureus and Gram-negative Escherichia coli [25]. Based on the results, 
the antibacterial properties of various metals were different and among the tested metals, 
titanium and tin did not exhibit antibacterial properties [25]. Among the nine mentioned met-
als, copper and zinc are common metals in WWTPs [26–28] which are in contact with ARGs 
and HMRGs. Following paragraphs explain ARGs and HMRGs correlation in detail.

2.1.1. Resistance mechanism acting on both metals and antibiotics

High concentrations of anthropogenic metal contamination in the environment can apply 
co-selection pressure and result in antibiotic-resistance through genetic couplings [28]. 
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Co-resistance, co-regulation, and cross-resistance are mechanisms of co-selection. As shown 
in Figure 1, a close linkage between two or more diverse resistance genes is called co-resis-
tance and is known as a mechanism of antibiotic-metal co-selection [21, 29]. It seems that co-
regulation can be a mechanism of antibiotic-resistance at which a number of transcriptional 
and translational responses to metal or antibiotic contact connected together to respond to 
both stresses [29]. Cross-resistance provides resistance to more than one antimicrobial agent 
like antibiotics and heavy metals [29].

There is a growing evidence of antibiotic resistance development derived from metal expo-
sure. It seems that bacteria that are exposed to metals, like Cu and Zn, become resistant to 
metal and antibiotics simultaneously due to the metal selection of genetic elements that 
harbor both metal and antibiotic resistance genes [30]. There are many classes of antibiotics 
that can form complexes with metals and produced complexes can possess an enhanced or 
decayed antibiotic activity [30].

Di Cesare and his research group measured six ARGs (tetA, sul(2), blaTEM, blaCTX-M, ermB, and 
qnrS), two HMRGs (czcA and arsB), and the class I integron (int1) in different phases of three 
WWTPs. In their research, all the variables were classified into two groups; the first including 
tetA, ermB, qnrS, and the biotic and abiotic factors, and a second group was the genes sul2, 
czcA, arsB, and int1. In addition, the dynamics of sul(2), HMRGs, and int1 correlated strongly. 
Based on this study, there is a possible relation between heavy metal contamination as well as 
HMRGs and spread of ARGs [20].

2.1.2. Environmental impacts of antibiotic and heavy metal resistance genes

When a bacterial community is exposed to heavy metal as a selective pressure in WWTP 
the potential co-selection of resistant genes is very high [20]. Studies on genes encoding for 
resistance against different metals and of ARGs in plasmids and integrons demonstrated that 

Figure 1. Mechanisms of co-occurrence of metal and antibiotic resistance [2].
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these genes originate from WWTPs or soils contaminated by wastewater. The class 1 inte-
grons, specifically, are frequently associated with gene cassettes in which both HMRGs and 
ARGs are present and can play an important role in co-selection mechanisms [20, 25, 30].

The effluent of WWTPs contains ARGs and HMRGs which discharges to the aquatic environ-
ment, results in the spread of ARGs and increasing the risk of gene transfer to human and 
animal pathogens through food chains or drinking water [1, 31]. These risks require further 
attention and consideration while WWTP effluents are reused as irrigation water [32].

However, the idea of co-selection of ARGs and HMRGs is supported by some studies, there 
is a lack of data determining the exposure level to antimicrobial metals on the selection of 
resistance genes.

2.2. Co-occurrence of antibiotic and heavy metal resistance

The results of a study on the effect of Ni, Cu, Zn, Cd, and Pb on fate and distribution of ARGs, 
showed a positive correlation between individual ARG and HMRGs. This result implies that 
heavy metals act as selective stressors and lead to the co-selection mechanism between spe-
cific metal and antibiotic resistance [1]. In their study, the abundance of sul(3), tetA, tetM, 
qepA, and qnrA genes had a positive correlation with Cu, Zn and Hg concentration [1].

Cu or Zn are selectors of exact bacterial populations flourishing in wastewater. Zn or Cu 
selected for populations of Betaproteobacteria and Flavobacteria that result in multidrug resis-
tance against carbapenems and third-generation cephalosporins [31]. Based on the review of 
different studies on ARGs development in WWTP, Cu, Zn are common and in high concentra-
tion in the municipal wastewater [1, 26–28, 33–35].

Baker-Austin et al. [21] studied experimental evidence presenting a relation between HMRGs 
and ARGs. When the genes corresponding to resistant phenotypes are on the same genetic 
element (plasmid, transposon or integron) co-selection occurs, and this physical relation 
leads to the co-selection for other genes located on the same element [21]. The genetic traits 
contributed to mercury- resistance and antibiotic-resistance were established and showed 
that mercury- resistance was co-transferred with antibiotic resistance in a subset of mat-
ing between Enterobacteriaceae and recipients. There are two critical points that explain 
the importance of studying HMRG occurrence; co-selection mechanism and occurrence of 
resistance to antibacterial metals. Antibiotics namely, chloramphenicol, ciprofloxacin, cou-
mermycin, rifampicin, tetracycline, and trimethoprim and also metals like As, Cu, Zn, Mn, 
Co, Ag, Hg, Cd, and Ni were studied by Baker-Austin et al. [21]. The present associations 
between metal contaminations and antibiotic resistance development implied the mecha-
nisms of co-selection, including co-resistance and cross-resistance. This research group also 
reviewed the role of metals as a factor in co-selection and distribution of antibiotic resistance. 
As shown in Table 2, antibiotic resistance and metal resistance have common structural and 
functional characteristics.

Based on the literature review, there are discrepancies in our current knowledge of the 
dominant mechanisms of co-selection for metal- and antibiotic-resistance at the population 
and community level and investigation of whether metals maintain a pool of horizontally 
transferable antibiotic-resistance determinants.
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3. Role of WWTP in dissemination of ARG

Freshwater resources are too limited and meeting the needs for water is challenging in the last 
decades as urban water shortages increase [36–38]. Based on the united nations world water 
development report of UNESCO in 2015, up to 70% of the fresh water, we take from rivers 
and groundwater is devoted to irrigation [38]. The predicted increase in the global human 
population to 9.7 billion in 2050 will lead to an increase in water requirement for agricultural 
and food production purposes [39]. Hence, the reuse of treated wastewater in agriculture 
seems to be a practical solution for water shortage [35]. In addition, it can help freshwater 
ecosystems by reducing the discharge of effluent from wastewater treatment plants (WWTPs) 
and preventing eutrophication and algal blooms [35].

Treated urban wastewater contains organic substances (e.g., antibiotics) and inorganic mat-
ters including pathogens, ARB and ARGs [40]. The reuse of treated wastewater may result in 
contamination of the environment and spread of ARB and ARGs and trigger public health 
concerns. One of the applications of treated wastewater is irrigation which is encouraged by 
governments and official organization especially because of water shortage and poverty in 
developing countries and urban areas [36, 41–43].

Zhang et al. [43] studied the contribution of wastewater treatment to the antibiotic resis-
tance development of Acinetobacter spp. that are found in many environments, including 
water, soil, sewage, and food. In this study, Acinetobacter spp. isolates from five different 
sites including raw influent, second effluent, and final effluent of WWTP and upstream and 
downstream of the treated wastewater discharge point. This study determined the antibiotic 
susceptibility phenotypes using the disc-diffusion method for eight antibiotics that includes 
amoxicillin, chloramphenicol, ciprofloxacin, colistin, gentamicin, rifampin, sulfisoxazole, 
and trimethoprim. This research concluded that conventional biological treatment process in 
WWTPs increases the ARB population [43].

Another comprehensive study detected 140 plasmid-borne ARGs of the WWTP using poly-
merase chain reaction (PCR) method [44]. In this study, 192 resistance-gene-specific PCR 
primer pairs were designed and synthesized. Samples were collected from activated sludge 
and the final effluents of the WWTP. The methods included (a) isolation of plasmids from 
resistant bacteria, (b) selection of target reference ARGs and design of PCR primers, (c) PCR 

Resistance mechanism Metal ions Antibiotics

Reduction in permeability As, Cu, Zn, Mn, Co, Ag Cip, Tet, Chlor, ß-lactams

Drug and metal alterations As, Hg ß-lactams, Chlor

Drug and metal efflux Cu, Co, Zn, Cd, Ni, As Tet, Chlor, ß-lactams

Alteration of cellular targets Hg, Zn, Cu Cip, ß-lactams, Trim, Rif

Drug and metal sequestration Zn, Cd, Cu CouA

Table 2. Shared characteristics of antibiotic and metal resistance systems [21].
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and amplicon detection, (d) sequencing and analysis of selected resistance-gene-specific 
amplicons. Based on the results of this study, bacteria of the WWTP share a mobile pool of 
ARGs that result in genetic exchange between clinical and WWTP bacteria. The final effluent 
of WWTP also contained ARB that confirms that the WWTP’s final effluents are disseminating 
antibiotic resistance in the environment [44].

Recently, Zhang et al. studied both cell-free DNA and cell-associated DNA as a source for 
ARGs that are related to WWTPs. The cell-free DNA is extracellular DNA that can transform 
into other cells, and cell-associated DNA is intercellular DNA. The 0.22 μm filter intercepts 
intercellular DNA and extracellular DNA (filtrates contains the extracellular DNA). In this 
research, four ARGs (sul(2), tet(C), blaPSE-1, and erm(B)) as cell-associated and cell-free fractions 
were studied. The cell-associated DNA and cell-free DNA were independently extracted and 
ARGs copy numbers were quantified using qPCR. Based on the results of this study, cell-asso-
ciated ARGs were more than ARGs fraction in the raw wastewater, however, after biological 
treatment, sludge settling, membrane filtration, and disinfection, cell-associated ARGs were 
removed considerably and cell-free ARGs removal was much lower. Therefore, the abun-
dance ratio of cell-free ARGs to cell-associated ARGs increased. Cell-free ARGs are important 
pollutants from WWTPs which are potential risks to the effluent receiving environments [45].

Munir and Xagoraraki [16] quantified 18 biosolids samples from seven WWTPs using 
qPCR methods. The mean concentrations of tet(W), tet(O), and sul(1) in all samples of 
biosolids were 9.53 × 108, 3.15 × 108, and 6.04 × 108, respectively. Lime-stabilized biosolids 
had considerably (p < 0.05) lower concentrations of ARGs compared with other biosolids 
treatment methods. In this study, two different sites were observed for 4 months to inves-
tigate levels of ARGs (tet(W), tet(O), and sul(1)) in soils fertilized with manure or biosolids. 
The concentration of ARGs was higher in manure than biosolids, but surprisingly, the 
results showed no notable change in the concentration of ARGs in the samples of soil, 
since genetic diversity and natural characteristics of background soil minimized the effect 
of biosolids [16].

In a recent study by D’Angelo [46] on the potential risks of the presence of antibiotic in bio-
solid amendments, sorption and desorption of tetracycline were indicated. Their research 
was on four types of amendments including biosolids, poultry manure, wood chip litter, and 
rice hull litter at different temperatures. The sorption and desorption equilibrium constant 
in municipal biosolids was 20 times higher than other amendments since the concentration 
of bound Al3+ and Fe3+ is higher in municipal biosolids. Results showed that the sorption of 
tetracycline was significantly increased after treatment with alum and treatment of amend-
ments would effectively reduce antibiotic diffusion rates [46].

The effect of treated urban wastewater irrigation on fungi diversity and soil microbial activi-
ties was studied by Alguacil and her team, in Spain. Based on this study, fungi diversity was 
higher in soil irrigated by fresh water, but microbial activities of soil irrigated by wastewater 
were much more than the soil irrigated by fresh water. Hence, wastewater not only had no 
negative effects on crop vitality but also developed fertility of the soil. Microbiological com-
ponents are biotic factors of soil that might be altered by the increase of soil microbial biomass 
due to wastewater irrigation [47].
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treatment, sludge settling, membrane filtration, and disinfection, cell-associated ARGs were 
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dance ratio of cell-free ARGs to cell-associated ARGs increased. Cell-free ARGs are important 
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ments would effectively reduce antibiotic diffusion rates [46].
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due to wastewater irrigation [47].
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As mentioned before, WWTPs are known as sources of antibiotic resistance. Auerbach et al. 
[14] studied two activated sludge wastewater treatment plants and two freshwater lakes for 
the presence of 10 tetracycline resistance genes. Qualitative PCR and quantitative PCR meth-
ods were used to detect tetracycline resistance genes and quantify the number of tetracycline 
resistance gene copies per volume of sample, respectively. Their results showed that both 
WWTPs contain more diverse types of tetracycline resistant genes than the background natu-
ral lake water samples. They revealed that the WWTPs are a source of ARGs dissemination. 
tetQ and tetG in the treatment processes were attenuated, however, the UV disinfection did 
not reduce the ARGs [14].

Presence of specific genes encoding resistance to tetracyclines (tetQ [48], tetA [49], and tetO 
[50]), sulfonamide (sul1 [49] sul2 [50]), erythromycin (mphB [49]), quinolone (qnrD [49] and 
qnrS [50]), beta-lactams (cepA, cfxA [48], blaCTX-M, and blaTEM [50]), erythromycin (ermB), methi-
cillin (mecA), vancomycin (vanA) [50], and aminoglycoside (aac(3)-II, aacA4, aadA, aadB, aadE, 
aphA1, aphA2, strA and strB [51]) were analyzed and confirmed by recent studies. The results 
of these studies prove that WWTPs are the main source of antibiotic resistance transmission.

4. Removal of ARGs and ARB by WWTPs

The effluent of WWTPs is an important source of pollution to the nation’s water resources, 
and 3.5 million Americans annually are getting sick after touching water they thought was 
safe [52]. WWTPs are hotspots for emerging contaminants namely antibiotics, heavy metals, 
ARGs, and HMRGs [32]. Research on the related topic has shown the proliferation of ARGs 
[8], the occurrence of antibiotics and ARGs and their influence on the receiving river [53], and 
distribution of antibiotic resistance in the effluents of WWTPs [32]. In order to limit the occur-
rence and spread of antibiotic resistance, treatment methods should be able to destroy ARGs 
in addition to inactivating pathogens [54].

Anaerobic, anoxic, and aerobic reactors were studied to treat wastewaters contaminated by 
high concentrations of various ARGs [9]. Aerobic and anaerobic treatment processes are low 
energy and environmentally friendly strategies which are mostly used to treat chemical oxy-
gen demand (COD); moreover, they can successfully remove ARB and ARGs [55].

The aerobic treatment happens in the presence of air and microorganisms which utilize oxy-
gen to change over organic contaminants to carbon dioxide, water, and biomass (aerobes). 
The anaerobic treatment forms occur in the absence of air and anaerobes microorganisms 
which do not require air to change over organic contaminants to methane and carbon dioxide 
gas and biomass [51].

Another low energy treatment alternative is anaerobic-aerobic sequence (AAS) bioreactor 
that reduce carbon amount as a pretreatment in an anaerobic condition and after that per-
form aerobic treatment [55]. Metagenomics investigations of this treatment technique dem-
onstrated the impact of this approach on antibiotic resistance and ARGs. AAS expelled over 
85% of ARGs in the influent wastewater which implies it was more proficient than aerobic and 
anaerobic units (83 and 62%, respectively) [55].
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In another study, Munir et al. [56] investigated the occurrence and distribution of ARGs 
including sul(1), tet(W), and tet(O) and their associated bacteria in the effluent of five WWTPs 
to assess the efficiency of different processes. ARGs and ARB removal ranged 2.37-log to 
4.56-log in activated sludge, oxidative ditch and rotatory biological contactors and 2.57-log 
to 7.06-log in MBR [56].

Removal of antibiotics including sulfamethazine, sulfamethoxazole, trimethoprim, and linco-
mycin had been studied in five different WWTPs using aerobic/anaerobic treatment methods 
[57]. The results of this study showed the range of −11.2% to 69.0% efficiency for different 
pharmaceutical compounds including sulfamethazine, sulfamethoxazole, trimethoprim, and 
lincomycin. The negative removal efficiency belonged to lincomycin and because of its high 
load in wastewater [57].

To sum it up, aerobic reactors alone are not very effective and biological treatment methods 
can remove antibiotics, ARB, and ARGs successfully if anaerobic and aerobic reactors oper-
ate in sequence. Despite the fact that anaerobic treatment is energy efficient and has high 
performance, aerobic treatment is more common in municipal WWTPs. Anaerobic treatments 
are often used to treat wastewater that contains high loads of organic matter like industrial 
wastewater and needs warm temperature (35°C). Activated sludge, which is an aerobic treat-
ment, is studied in this project and the results will help to advance the efficiency of activated 
sludge bioreactors in treatment plants.

Some studies aimed to remove ARGs in raw domestic wastewater by constructed wetlands with 
different flow configurations or plant species [58]. In addition, disinfection methods including 
chlorination, ultraviolet (UV) irradiation and sequential UV/chlorination treatment on the 
inactivation of ARGs have been studied [54, 59, 60]. Recently, nanomaterials with antimicro-
bial activity have been offered as a novel defense against ARGs [61]. Moreover, the removal 
of ARGs from treated wastewater in the coagulation process was examined [62]. In one of the 
recent works, the effect of biochar amendment on soil ARGs was assessed and the outcomes 
showed that biochar is pretty operational [63].

Many diverse combinations of nanomaterial have proved that antimicrobial nanotechnology 
can be effective defenses against drug-resistant organisms, ARB, and ARGs. Two different 
mechanisms are probable when nanoparticles treat antibiotic resistance; the first mechanism 
is called Trojan Horse that develops drug-delivery characteristics. In this system, a functional-
ized nanomaterial is joined with antibiotics and nanomaterial enters inside cells and afterward 
discharge significant amounts of toxic ions [57]. In the second system, a mix of antibiotic and 
nanomaterials result in synergistic impacts, that means they battle ARGs independently [61]. 
Meanwhile, removal efficiency and mechanism of four ARGs including tetA, sul2, ermB, and 
ampC have been found using graphene oxide nanosheet. The removal efficiency was reported 
in the range of 2.88 to 3.11 logs at 300 µg/mL nanosheet solution showing the potential of gra-
phene oxide nanosheet as an innovative and effective adsorbent for treatment of ARGs [64].

The potential for antimicrobial nanomaterials to restrict the propagation of multi-drug resis-
tant pathogens while avoiding the generation of new nanomaterial-resistant organisms was 
studied by a group of researchers led by Aruguete [61]. They prepared a combination of nano-
materials functionalized with molecular antibiotics. This combination consisted of liposomes, 
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dendrimers, and an antibiotic that is inside of a polymer nanoparticles capsules, and inor-
ganic nanoparticles with antibiotic molecules attached to the surfaces [61]. In this study, silver 
nanoparticles coated with a water-soluble polymer called polyvinylpyrrolidone were used 
to combat nanomaterial-resistant organisms [61]. This experiment proved that nanomaterial 
combinations are able to perform like an antibiotic and to be toxic to Pseudomonas aeruginosa 
bacteria which was resistant to multiple drugs [61]. The results of this study are in line with 
the previous reports on the silver-based polymers used as antimicrobial biomaterials for 
water treatment [65, 66].

Nanomaterials have been considered as a defense against multiple drug resistance because 
of their antimicrobial activity [59, 61, 62, 67]. Antibacterial activities of nanoparticles depend 
on two fundamental elements, physicochemical properties of nanoparticles and type of target 
bacteria. Regardless of the fact that there is a correlation in a couple of aspects of the antibacte-
rial activity of nanoparticles, singular investigations are challenging to generalize since most 
of the researchers perform experiments using accessible nanoparticles and bacteria, rather 
than targeting particular and preferred nanoparticles or bacteria [68]. Nanoparticles which 
are utilized in lab-scale studies are not well-known and correlating them with physicochemi-
cal properties for full-scale production is not reliable.

A mix of nanomaterials and molecular antibiotics draws in much consideration recently, since 
they are effective in killing multi-drug resistant isolates of pathogenic bacterial species and 
combating an expansive range of ARB and ARGs [56, 69].

Nanomaterials play controversial roles in regard to antibiotic resistance; on one hand, as men-
tioned before, they have been considered as a defense against multiple drug resistance because 
of their antimicrobial activity, and on the other hand, they can encourage the development of 
antibiotic resistance in the environment [56, 70]. Overall, more information is needed concern-
ing the mechanisms behind the antimicrobial activity of nanomaterials and their potential for 
influencing the development of resistance in environmental systems.

5. Future developments and perspectives

Antibiotic resistance development among bacteria is a challenging issue that requires 
improvement of next-generation treatment processes in WWTPs. The emergence of antibi-
otic resistance between pathogens increases the demand for effective treatment strategies. 
Knowledge gaps and future research needs are:

• Assessment of the effect of operating conditions (pH, free available chlorine, HRT, SRT, 
Biomass concentration) and environmental factors (temperature, COD, BOD, water flow 
on ARB and ARGs development during wastewater treatment,

• Determination of dominant mechanisms (mutation, selection, mechanisms of genetic exchange 
including conjugation, transduction, and transformation) of ARGs development, and

• Future studies should be done on the more extensive spectrum of ARBs and ARGs like 
fluoroquinolone, ertapenem, and levofloxacin resistance.
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nanoparticles coated with a water-soluble polymer called polyvinylpyrrolidone were used 
to combat nanomaterial-resistant organisms [61]. This experiment proved that nanomaterial 
combinations are able to perform like an antibiotic and to be toxic to Pseudomonas aeruginosa 
bacteria which was resistant to multiple drugs [61]. The results of this study are in line with 
the previous reports on the silver-based polymers used as antimicrobial biomaterials for 
water treatment [65, 66].

Nanomaterials have been considered as a defense against multiple drug resistance because 
of their antimicrobial activity [59, 61, 62, 67]. Antibacterial activities of nanoparticles depend 
on two fundamental elements, physicochemical properties of nanoparticles and type of target 
bacteria. Regardless of the fact that there is a correlation in a couple of aspects of the antibacte-
rial activity of nanoparticles, singular investigations are challenging to generalize since most 
of the researchers perform experiments using accessible nanoparticles and bacteria, rather 
than targeting particular and preferred nanoparticles or bacteria [68]. Nanoparticles which 
are utilized in lab-scale studies are not well-known and correlating them with physicochemi-
cal properties for full-scale production is not reliable.

A mix of nanomaterials and molecular antibiotics draws in much consideration recently, since 
they are effective in killing multi-drug resistant isolates of pathogenic bacterial species and 
combating an expansive range of ARB and ARGs [56, 69].

Nanomaterials play controversial roles in regard to antibiotic resistance; on one hand, as men-
tioned before, they have been considered as a defense against multiple drug resistance because 
of their antimicrobial activity, and on the other hand, they can encourage the development of 
antibiotic resistance in the environment [56, 70]. Overall, more information is needed concern-
ing the mechanisms behind the antimicrobial activity of nanomaterials and their potential for 
influencing the development of resistance in environmental systems.

5. Future developments and perspectives

Antibiotic resistance development among bacteria is a challenging issue that requires 
improvement of next-generation treatment processes in WWTPs. The emergence of antibi-
otic resistance between pathogens increases the demand for effective treatment strategies. 
Knowledge gaps and future research needs are:

• Assessment of the effect of operating conditions (pH, free available chlorine, HRT, SRT, 
Biomass concentration) and environmental factors (temperature, COD, BOD, water flow 
on ARB and ARGs development during wastewater treatment,

• Determination of dominant mechanisms (mutation, selection, mechanisms of genetic exchange 
including conjugation, transduction, and transformation) of ARGs development, and

• Future studies should be done on the more extensive spectrum of ARBs and ARGs like 
fluoroquinolone, ertapenem, and levofloxacin resistance.
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Abstract

Multidrug resistance (MDR) represents a complex phenomenon, caused not only by
nondiscriminative antibiotic therapy in both human and animal medicine but also by the
transfer of resistance genes between different bacteria. Animals besides different environ-
ments embody a niche for the development of resistant microbiomes, representing a
serious threat to people not only as contacts but also as consumers/tourists. The epidemi-
ological cycle of MDR bacteria is closed by changes in either their hosts or in their habitats.
To prevent further spreading of MDR, natural solutions are investigated as efficacy,
including in this category various compounds isolated from medicinal plants (quinones,
flavones, flavonoids, and flavonols, tannins, coumarins, terpenoids and essential oils,
alkaloids, lectins and polypeptides, etc.). The results of such studies are valuable for the
medicine, but could the medicinal plants cover the gap for humans, animals, and the
environment? This chapter aims at trying to answer this question.

Keywords: zoonotic bacteria, animals, multidrug resistance, medicinal plants, MIC/MBC

1. Introduction

Animal use paralleles, for millennia, with the development of human society; these sentient
beings serve not only as working tools, weapons, and food source, but also as pets and
companions. This closely interdependent and complex coexistence in a sometimes very narrow
ecological niche led to an occasionally interchangeable, closely related pathology. Diseases that
evolve at the level of human-animal-environment interface could negatively interfere not only
with health at all levels, but also impact on economy and implicitly on welfare and social status
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of the population [1]. Human and animal matrices reciprocally transfer emerging or
reemerging pathogens by direct contact, through food/feed and water, or sharing the habitat,
and this occurrence gives rise to the so-called zoonoses [2]. A significant number of zoonotic
disease are caused by bacteria, for control, treatment, and prevention of which antibiotics
represented, and still represent a powerful tool. Nonetheless, antibiotic treatments, which
spread exponentially, especially in preventing diseases ignoring the real infectious pressure,
created a very tough, artificial selection, the survival rate of resistant bacteria becoming higher
and higher [1]. One of the crucial, but sometimes disregarded sectors in generating and
spreading antimicrobial resistance and increasing the public health risks is represented by
animal farms, encompassing intensive raising technologies [3]. A proper understanding of the
main features of this sector in segments such as the increased spreading of resistant bacteria
due to the presence of a broad susceptible population, supports the disease-control strategies,
management of global health risks, and improvement of health security [1]. Institutions such
as World Health Organization (WHO), Food and Agriculture Organization of the United
Nations (FAO), World Organization for Animal Health (OIE) co-work with international
bodies, political actors, researchers, universities, and other institutions to preclude and control
these hazards and the multiple impacts exerted by encouraging multiple collaborations, devel-
oping short-, mid-, and long-term strategies and efficient tools encouraging their implementa-
tion and use and also involving the relevant decision makers and stakeholders [4].

Since the discovery of penicillin by Fleming in 1928 [5], “antimicrobial” use has spread
through the fields of human and animal health, to environment including various habitats
and thus wildlife (Figure 1). Not only bacteria from the various natural animal niches became
resistant, but also the antibiotic resistance was indicated in bacterioplankton [6] and proved to

Figure 1. Main sources for human exposure to antibiotic-resistant bacteria (from [37]).
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be dependent on geochemical conditions in the soil [7, 8]. Antibiotic resistance seems to be
positively strongly correlated with the heavy metal pollution of the environment [7, 9–12].

Without a scientifically supported knowledge, vegetal extracts from various sources were used
for millennia to treat infections, diminishing the negative impact of numerous bacteria. Mod-
ern medicine requires scientific evidence to support and confirm the expected therapeutic
efficacy [13]; thus, the number of researches on plant extract properties augmented over the
years and currently belongs to a worldwide recognized strategy aimed at identifying biologi-
cally active compounds that represent a viable alternative to synthetic drug substances dem-
onstrated with various inconveniences (multiple side effects, nonselective toxicity, high
production costs) or that have lost their initial efficacy [13]. Although different trends were
described over the years, natural source importance was not minimized, as they provide key
scaffolds for drug development particularly in case of antimicrobial drug development [13–19].

Briefly, the use of medicinal plants and their extracts as antimicrobials for therapy, although
known for centuries, is far from being a closed subject. Medicine and biochemistry show a
continuously increasing interest to this field, resulting in the introduction in practice of novel
preparations, gaining new meanings within modern prophylactic and therapeutic alternatives.

Since the discovery of new molecules is apparently slower compared to bacteria resistance
level increase, an integrated approach allowed the screening of various plant genera, confir-
mation and characterization of their antimicrobial properties (in terms of antimicrobial spec-
trum, minimum inhibitory concentration, minimum bactericidal concentration), identification
of active compounds, and of certain mechanisms of action, which led to the expansion of the
application range: therapeutic products for human health and animal health, performance
enhancers or feed additives for farm animals, products for plant crop protection, food pre-
servatives [13, 18, 20–22], etc. In the last decades, pharmacognosy studies on medicinal plants
cleared numerous aspects of their bioactivity, certain ways, and sites of action of
phytomedicinal compounds [23, 24]. With the progress of science and analytical laboratory
methods, it has been proven that extracts from plants, containing numerous chemically active
compounds such as alkaloids, tannins, polyphenols and others, could actively inhibit bacterial
growth and simultaneously improve the immune response in the host by changing or
inhibiting protein-protein interactions. This type of combined activity does not allow, appar-
ently, the development of resistance [25].

Literature gathers a multitude of scientific studies that support the use of whole plant extracts
in therapeutics, and the vast majority of researchers indicate medicinal plants as a viable
alternative for the antimicrobials [13, 24, 26–29].

A different therapeutic approach considers plants as source for individual active compounds,
not as whole extracts or solvent-based active principle mixtures. It is estimated that over 12,000
secondary plant metabolites were isolated, representing less than 10% of the total compounds
found in plants. The major active molecule groups were defined as: phenolics and polyphe-
nols, terpenoids and essential oils, alkaloids, lectins and polypeptides, polyamines,
isothiocyanates, thiosulfinates, and glucosides. Nevertheless, the extraction and purification
costs act as limiting for the use of individual compounds [28].
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These data provide solid bases for the development of safe and effective drugs that can be used
in human and veterinary medical practice [13, 30, 31].

However, mostly due to limitations associated with natural products classical screening
methods, large pharmaceutical companies’ interest in this category remained relatively low
for several years. This particular disadvantage was significantly overcome due to the most
recent strategies for natural product screening that involve an integrated multidimensional
evaluation of botanical, phytochemical, and biochemical aspects, as well as advanced methods
such as metabolomics and proteomics that enable the rapid identification of new compounds
and production of target molecules, respectively [32, 33].

This chapter represents an overview of the most important zoonotic bacteria in terms of
complexity, diversity and antimicrobial resistance, and resumes scientific data on bioactivity
of medicinal plants against multidrug-resistant zoonotic bacteria isolated from animal cases.

2. Zoonotic bacteria complexity and diversity

Zoonotic bacteria are among the most important causes of morbidity and mortality in human,
and their importance is recognized and stated by several international and national organiza-
tions [34, 35]. Furthermore, given the abundance of scientific proof of their impact on human
health, international control and prevention strategies are currently implemented worldwide.
In addition, numerous retrospective and prospective studies are conducted by specialized
interdisciplinary research groups in order to provide more and updated knowledge on the
etiopathogenesis of both already established and emerging or reemerging diseases. The eco-
nomic consequences cannot be minimized, since the international protocols involve disrup-
tions of national, regional and global trade, and substantial losses associated with animal
culling and disposal of the carcasses. To acknowledge the zoonotic importance and the eco-
nomic impact, certain bacterial diseases are also listed by OIE and require official notification
[34]. The most common and important bacterial diseases with confirmed zoonosis status are
anthrax, brucellosis, bovine tuberculosis, campylobacteriosis, listeriosis, leptospirosis, salmo-
nellosis, psittacosis [36–38], etc.

Starting with 2010, the WHO, FAO, and OIE identified and issued priority areas that included
zoonotic diseases and underlined the need for multidisciplinary collaboration to address
health threats at the human-animal-ecosystem interface under the one-health concept. The
one-health concept or paradigm allows the comprehensive description of the complex epide-
miology in zoonotic diseases. Among the most compelling examples of the One Health para-
digm, food-animal-associated zoonoses are distinguished and are monitored worldwide. It is
mostly, but not exclusively, the case of foodborne diseases, with top ranked pathogens such as
Salmonella, Escherichia coli, Campylobacter [37, 39], etc.

Salmonella serovars and Escherichia coli pathotypes were isolated from many specimens of
mammalian, avian, reptilian, and amphibian origin, fish, and insect, as well as from plants, soil,
and water origin; hence, the main route of transmission involves consumption of contaminated
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foods of both animal and vegetal origin: poultry, beef, pork, eggs, milk, fruit, vegetables [37,
39, 40], etc.

Other pathogens’ transmission is related to occupational hazards, and one of the most
resourceful bacterium in this regard is represented by livestock-associated methicillin-resistant
Staphylococcus aureus (LA-MRSA), in particular the clonal complex (CC) 398 [25, 41–43]. Its first
description was based on the isolation from pigs, pig handlers, and their close contacts,
followed by reports involving livestock and livestock-derived food products in several coun-
tries, particularly in regions with high-density pig farming from Europe, Canada, Asia, and the
USA [25, 42, 44, 45]. Grounded on recent data, colonization of LA-MRSA among persons
occupationally exposed to pigs, cattle, or poultry appears to be very frequent and risk of
developing MRSA infections is relatively elevated [41, 42]. The first exposed persons are not
only at the risk to develop infections, but also they presumably represent the source for
LA-MRSA transmission to household members [43, 46] and other parts of the human popula-
tion [41], explaining the isolation of LA-MRSA from hospitals and other healthcare facilities’
environment.

A substantial scientific database was collected over decades providing relevant information on
zoonotic diseases that originate from farmed or food animals [37, 38, 47], but more and more
figures suggested pets and wild animals were significant sources and reservoirs of zoonotic
bacteria [48–52]. Regarding pets, the great majority of the studies are focused on cats and dogs
[53], but lately the range of animal species kept within households diversified to encompass
rodents, rabbits, ferrets, birds, amphibians, reptiles, and ornamental fish [49]. Comparing the
amount of literature data, pet-associated bacterial zoonoses are considered as a relatively
neglected area compared with foodborne zoonoses [49]; thus, future studies are needed to
understand the complexity of epidemiological links in these cases.

The main study approach is similar to farmed animals and targets the two main categories of
sources: (1) sick animals and (2) asymptomatic carriers, considering that pets may be infected
or colonized with a wide variety of bacteria pathogenic to animals and people. With respect to
transmission routes, a close contact between pets and owners represents a peculiarity that
suggests primarily the direct contact; petting and playing with pets along with licking or
minor physical injuries (usually affecting the skin on the hands) may be associated with local
or systemic pathologies especially in risk categories that include young, old, pregnant, and
immunosuppression individuals. Secondly, the food, water, and the environment may be
contaminated by pets’ fecal and skin microbiota [54, 55].

The above-mentioned aspects are reunited due to the increasingly popular trend of feeding
raw meat-based diets (RMBDs) [56–58], with several studies underlining the serious risks to
both animal and human health, given the laboratory confirmed presence of zoonotic bacteria
and parasite pathogens in commercial RMBDs. Fresh, refrigerated, and frozen RMBDs may
represent the source of Escherichia coli serotype O157:H7, extended-spectrum beta-lactamases-
producing E. coli, Listeria monocytogenes, Salmonella species such as S. typhimurium, S. Heidel-
berg, and S. Kentucky [54, 56, 57, 59, 60]. Feces appear to represent an important source of
Gram-negative bacteria with zoonotic potential, and several studies indicated a positive corre-
lation between the raw meat feeding and Salmonella-active fecal shedding. Although it may not
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be representative for the general population of dogs, a special canine category was investi-
gated in this regard—the case of dogs that participate in animal-assisted interventions (AAIs),
also named “therapy dogs”: since these animals commonly interact with immunocompro-
mised people, the risks cannot be minimized [54, 56, 57, 61].

3. Multidrug resistance in animals

Antimicrobial Resistance Global Report on surveillance [62], issued in 2014 by WHO warned,
based on surveillance data recorded, on the major problem represented by antibiotic resistance
in a “postantibiotic era. “This definition underlined that most antibiotics, while considered a
panacea, were broadly misused in both humans and food-producing animals, thus leading for
widespread MDR. In parallel with the discovery of new antibacterial classes of compounds,
the induction of resistance was followed closely by the drugs selecting the most resistant of the
pathogens, which further spread [62].

One of the less regarded, yet significant sectors in spreading MDR, is represented by the
animal segment, and little is known about the epidemiology of MDR in food animals and
lesser in wildlife. Similarly to human medicine, veterinary antibiotics in use fail to control not
only infections related to conventional agents but are also ubiquitous and commensal bacteria
turned into aggressive pathogens. Not only antimicrobial use to control medical situations,
such as herd- or flock-based infections (pneumonia, neonatal infections and infections occur-
ring in immune-suppressed animals, surgeries, etc.) [62], but also the use of antimicrobials as
growth enhancers in food-producing farmed species (poultry, swine, and cattle) increased the
risk represented by animals in spreading MDR. Morbidity and mortality caused by bacteria
resistant to commonly used and available for veterinary antibiotics are not the single causes for
economic losses in farmed animals. Supplementary cost must be added for food control for
antibiotic residues and resistant bacteria in food and disposal of contaminated items. There are
many researches on the use of quantitatively active antimicrobial ingredients in farmed ani-
mals, showing the amount far exceeds that used in humans.

Enterobacteriaceae represent a large bacteria family, including numerous genera inhabiting
human and animal gut of which some synthesize endotoxins. The best known representatives,
E. coli and a broad variety of Salmonella spp., were subject to abundant studies. Not only these,
but also some other representatives of the family show MDR and also resistance to antibiotics
such as last-generation beta-lactams (i.e., carbapenem) used to treat severe bacterial infections
and considered to be “the last line of antibiotic defense.” A smaller group of carbapenem-
resistant Enterobacteriaceae (CRE) proved to be carbapenem-nonsusceptible and extended-
spectrum cephalosporin resistant, and include Escherichia coli, Enterobacter aerogenes,
Enterobacter cloacae complex, Klebsiella pneumoniae, or Klebsiella oxytoca [63]. These species are
also found in animals: the Enterobacter complex as commensal microflora in the intestinal tracts
of mammals and fish and also pathogenic for insects [64], E. coli in swine, dairy cows’ mastitis
[65, 66], Klebsiella oxytoca not only in bovine mastitis [67], but also in pets [68].
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Multiple antibiotic-resistant bacteria emerging in dairy cows’ mastitis as a result of extensive/
uncontrolled drug use, biased therapy, horizontal gene transfer, and/or spontaneous genetic
mutations pose an increased health risk to humans by contaminating milk and milk products.
Virulence genes in connection with antimicrobial define pathogenic, but also certain commen-
sal strains of E. coli, emphasizing the risks of fecal contamination of animal-derived, including
milk products, as an important source for human outbreaks. Furthermore, the severeness of
illness is increased in E. coli by the association of MDR with Shiga-like toxin (stx1 and stx2)
genes’ presence. For example, resistance toward several active substances from commercial
products recommended for bovine pathologies: penicillin-streptomycin, tetracycline, neomy-
cin, ampicillin, and amoxicillin/clavulanic acid was found to different extents (MAR 0.2–0.80)
—was found in 125 isolates sampled from healthy dairy cows. Multidrug-resistant phenotypes
(resistance to more than four antimicrobials) were recorded for 12 isolates (9.6%). The molec-
ular analysis pointed out the presence of stx1 gene in case of 20 strains and stx2 for 11 strains,
respectively. The presence of Shiga-like toxin genes (stx1 and stx2) and high MAR index
highlight the risk associated with human exposure in terms of possible contamination of milk
and dairy products provided by the bovine farms. These results support compulsory
food hygiene and safety measures throughout the production chain, to minimize or eliminate
the contamination risk for the products provided by these farms [Crisan et al., unpublished
data, 2018].

A study conducted in Canada by Finley et al. [56] indicated for commercially available canine
raw food diets, an overall Salmonella prevalence of 21%, with chicken as an ingredient for 67%
of the Salmonella-positive diets. Eighteen distinct serotypes displaying resistance toward 12 of
the 16 antimicrobials tested, and a predominant pattern of ampicillin and tetracycline resis-
tance entitled the authors to conclude on the need for implementing regulatory guidelines for
the production of these diets aimed to reduce or to eliminate the associated risks for pets and
the contact people.

Also, outbreaks of human salmonellosis related to exposure to animal-derived pet treats (pig
ear, beef steak patty dog, and pet treats of seafood origin) have been reported in Canada, with
the laboratory confirmation of Salmonella contamination in case of mentioned pet treats and
identification of the following serotypes: S. Bovismorbificans, S. Give, S. Derby, and S.
Typhimurium var. Copenhagen. The overall prevalence of 4% was regarded as lower com-
pared to data reported in 1999, but the isolates showed resistance to up to seven antimicrobials
[56]. A significant higher prevalence with 41% (65/158) of samples found positive for Salmonella
was reported in case of dog treats derived from pig ears and other animal parts randomly
collected in USA [28].

Updates on the antimicrobial resistance trends are needed in order to select the most suitable
choices for the antibacterial therapy particularly in case of methicillin-resistant Staphylococcus
aureus (MRSA) infections. Regarded as an opportunist organism, MRSA is responsible not only
for localized skin and soft-tissue infections, but also for invasive forms such as septicemia and
toxic shock syndrome [45]. Severe clinical outcomes and added costs justify further research
for alternative treatments.
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Due to the high diversity of MDR bacteria isolated from numerous animal sources and food of
animal origin, an integrated meta-analysis of data could support the upgraded short-,
medium-, and long-term strategies to control antimicrobial resistance and its further develop-
ment, which in their turn are important for preventing the emergence and cross-country/
continent spreading of resistant strains [69].

4. Medicinal plants as antibacterial agents

Numerous researchers studied the healing effects of plants and their extracts along with their
beneficial effects in healthy organisms. Nowadays, plant-based therapy benefits of solid scien-
tific support the individual chemical components or their combinations showing antimicrobial
and anti-inflammatory activity, immune-stimulating potential, or anticancer effects. Since pre-
vention is the key to good health, the researchers investigated the possibilities of using vegetal
preparations to preserve health: (a) indirectly, by stimulating both innate and the adaptive
immune response to antigens of various kinds and also (b) directly, by exerting either a
bacteriostatic or preferably a bactericidal effect [70].

Apparently simple, the selection of plants or their extracts to be used for specific therapeutic
purposes embodies the involvement of numerous factors, from health to economic impacts
(Figure 2).

Figure 2. Different steps of the decision-making process in plant extract use for therapy.
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4.1. Plant extracts acting against bacteria indirectly: immunological uses

Current trends in medicine tend to include natural products in therapy, without mixing
allopathic and homeopathic treatments, the latest gaining more and more in comparison with
chemically obtained compounds. The WHO list of 252 basic and essential drugs includes 11%
of medications exclusively of flowering plant origin [71].

Vegetal extracts from various plant origins are used more and more, with a favorable activity
in diminishing the negative impact of numerous microbial agents or in improving the innate or
acquired resistance of the body to infections [17, 18, 72].

Classical therapeutic protocols supplemented with vegetal extracts could increase the protec-
tive capacity of the individuals, by their complex action mechanisms, which stimulate immu-
nity. This pattern is actually applied in veterinary medicine, where certain stress-induced
changes, caused by intensive raising/farming of food species, could be corrected in this manner
[73–76]. Moreover, active principles proved to be potent in restoring the immune reactivity in
individuals with induced or innate immunosuppression [77–82].

Vaccines against bacterial diseases represent one of the most powerful tools for prevention and
control. Within this framework, researches on the immune stimulating activities of vegetal
extractions were successful, with obvious immune modulating effects. Due to improved bio-
availability as compared to conventional drugs, combined with immune modulating potential,
the question on plant extracts as potential adjuvants emerged for vaccines broadly used to
prevent infectious diseases, in both humans and animals. An appropriate understanding of
adjuvant potential of vegetal extracts and experimental design to investigate these possibilities
would lean on a good knowledge of general action mechanisms of vaccine adjuvants.

4.2. Direct antibacterial activity of plant extracts

Antimicrobial effects of plant extracts on clinical isolates from farmed and pet animals and
their potential use to improve health and lower the risk for humans were illustrated by
experiments aiming to investigate the influence of the plant taxonomy/chemical composition
on the in vitro bacteriostatic/bactericidal effects.

Plant extracts were initially proposed as supplementary means in combined antibiotic and natu-
ral therapies; therefore, the synergism between plant extracts and antibiotics was also observed in
experimental studies. In a complex research carried out to establish the antimicrobial effect
of certain plants: Achillea millefolium (yarrow), Caryophyllus aromaticus (clove), Melissa officinalis
(lemon-balm),Ocimum basilicum (basil), Psidium guajava (guava), Punica granatum (pomegranate),
Rosmarinus officinalis (rosemary), Salvia officinalis (sage), Syzygium jambolanum (jambolan), and
Thymus vulgaris (thyme) on bacteria resistant from 1 to 18 antibiotics: amikacin, ampicillin,
cephalothin, cefpirome, carbenicillin, cefoxitin, chloramphenicol, ceftriaxone, cefotaxime, eryth-
romycin, gentamicin, kanamycin, lincomycin, methicillin, nalidixic acid, netilmicin, norfloxacin,
nitrofurantoin, penicillin, piperacillin, rifampicin, sulfonamide, sulfamethoxazole, tobramycin,
tetracycline, vancomycin (Proteus spp., Klebsiella pneumoniae, Shigella spp., Pseudomonas aeruginosa,
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[73–76]. Moreover, active principles proved to be potent in restoring the immune reactivity in
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Vaccines against bacterial diseases represent one of the most powerful tools for prevention and
control. Within this framework, researches on the immune stimulating activities of vegetal
extractions were successful, with obvious immune modulating effects. Due to improved bio-
availability as compared to conventional drugs, combined with immune modulating potential,
the question on plant extracts as potential adjuvants emerged for vaccines broadly used to
prevent infectious diseases, in both humans and animals. An appropriate understanding of
adjuvant potential of vegetal extracts and experimental design to investigate these possibilities
would lean on a good knowledge of general action mechanisms of vaccine adjuvants.

4.2. Direct antibacterial activity of plant extracts

Antimicrobial effects of plant extracts on clinical isolates from farmed and pet animals and
their potential use to improve health and lower the risk for humans were illustrated by
experiments aiming to investigate the influence of the plant taxonomy/chemical composition
on the in vitro bacteriostatic/bactericidal effects.

Plant extracts were initially proposed as supplementary means in combined antibiotic and natu-
ral therapies; therefore, the synergism between plant extracts and antibiotics was also observed in
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(lemon-balm),Ocimum basilicum (basil), Psidium guajava (guava), Punica granatum (pomegranate),
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Enterobacter aerogenes, Escherichia coli, Staphylococcus aureus) and susceptible collection strains
(Staphylococcus aureus ATCC 6538, Salmonella choleraesuis ATCC 10708; Pseudomonas aeruginosa
ATCC 15442), the authors indicated that clove (Caryophyllus aromaticus) and jambolan (Syzygium
jambolanum) were the strongest inhibitors (64.2 and 57.1%) of the used bacterial strains. Further-
more, their activity was the most remarkable (83.3%) against the germs resistant to antibiotics,
where their synergistic activity with the antibiotics was also observed. Interestingly, plants such
as sage and yarrow, well known for their antiseptic properties, showed no effect on the tested
MDR bacteria. Some of the plants showed in specific cases a homeopathic-like effect, i.e., clove,
jambolan, pomegranate, and thyme extracts, when used in lower concentrations but combined
with ineffective antibiotics against Pseudomonas aeruginosa [26, 27, 29, 83, 84].

Name Extract type In vitro
efficacy against

Strain
origin

Evaluation
method(s)

Mechanism(s)
of action

References

Syzygium aromaticum and
Cinnamomum >
Mentha spicata L. and
Coriandrum sativum L. >
Allium sativum L. and
Nigella
sativa L.

Ethanolic
extracts

MDR E. coli Retail
chicken
meat
samples

Broth
microdilution

Not
determined

[87]

Olea europaea Ethanolic
extracts

E. coli O157:H7
S. enteritidis

Reference
laboratory

Broth
microdilution

Inhibition of
the biofilm
formation for
S. enteritidis

[16]

Origanum
vulgare > Thymus zygis
Thymus mastichina

Essential oils E. coli,
Salmonella essen,
Salmonella
enteritidis,
ETEC,
Salmonella
choleraesuis,
Salmonella
typhimurium

Poultry
swine

Broth
microdilution

Not
determined

[88]

Melissa officinalis > Thymus
vulgaris and Salvia
officinalis

Essential oils Staphylococcus
aureus, E. coli
Salmonella
Enteritidis

Bovine Disc
diffusion
broth
microdilution

Not
determined

[89, 90]

Allium sativum L.,
Elwendia persica (Bunium
persicum), Oryza sativa L.
and Triticum aestivum L.

Ethanolic
extracts

Staphylococcus
aureus, E. coli

Bovine Disc
diffusion
broth
microdilution

Not
determined

[91]

Achyranthes aspera L.,
Ficus carica, Malva
parviflora, Vernonia species,
Solanum hastifolium,
Calpurnia aurea Benth,
Nicotiana tabacum L.,
Ziziphus spina-christi,
Croton macrostachyus

Hydroalcoholic
extracts

S. aureus Bovine Disc
diffusion
broth
microdilution

Not
determined

[92]

Table 1. Herbal extracts demonstrated to inhibit MDR zoonotic strains of animal origin.
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Other well-known plants, which share immunological activity, from Compositae family, were
further investigated for their antibacterial effects, following the principle of “the more the
merrier.” Echinacea, a popular plant in human medicine for its immune-stimulating and
antiviral effects, also acts as an inhibitor for both tissue and bacterial hyaluronidase. This
activity was considered to hinder the development and spreading of infection from localized
to generalized [23, 24].

Another plant family, the Lamiaceae, has numerous examples of species with antibacterial
activity. The investigation of their antibacterial activity against MDR, extended spectrum
beta-lactamase-positive (ESBL), Gram-negative clinical isolates (A. baumannii, K. pneumoniae,
E. coli, P. aeruginosa) of ethanolic extracts of Mentha sp., Ocimum basilicum, Plectranthus barbatus,
and Rosmarinus officinalis, indicated that the minimal inhibiting concentration ranged from 0.5
to 2 mg/mL, while all extracts were effective against at least two of the tested bacteria [85].

Another plant from Lamiaceae with a less investigated antibacterial influence was considered
as a potential therapeutic resource in bovine mastitis. Mastitis, one of the most economically
impacting diseases of dairy cows due to subclinical status and difficult diagnosis, is heavily
treated with antibiotics, leading to MDR in the involved bacterial strains. The lesser antibiotic
efficacy, therefore, demands for therapeutic alternatives. In a study on the antimicrobial
effectiveness ofMelissa officinalis on the subclinical mastitis, microbiome carried out on several
Romanian dairy farms ([93]), a variety of bacteria (S. sciuri, Shigella spp. S. lentus, Acinetobacter
baumannii, Chryseomonas luteola, Enterobacter cloacae, Escherichia vulneris, etc.) were isolated
with an MAR index up to 0.8 against amoxicillin+clavulanate, amoxicillin, chloramphenicol,
cefoperazone, ciprofloxacin, and oxytetracycline. The Melissa tincture was less effective than
the same plant essential oil (11.3 � 3.6 versus 12.3 � 4.3 mm), but comparable to amoxicillin,
amoxicillin/clavulanic acid, and was higher than cefoperazone (total resistance). The efficacy
depended more on the strain than on the solvent type also suggesting a therapeutic alternative
to antibiotic treatment, as mentioned in the literature [86].

Most of the studies were carried out using reference strains, especially in case of the initial
screening, but more recently, such assays also include clinical strains, both antimicrobial
susceptible and resistant. Table 1 summarizes relevant data on the ability of herbal extracts to
inhibit MDR zoonotic strains of animal origin.

5. Conclusions

In spite of extensive research carried out on healing effects of plants, antibacterial effects
included, the subject is far from being closed, the high variety of plant species providing a
strong support for investigation. Although numerous researchers deal with the effects of
individual compound against bacteria, those extracts containing multiple active substances
and exerting simultaneously antibacterial and immune-enhancing effects are favored. Veteri-
nary and zoonotic pathology, due to the presence of MDR bacteria, could equally benefit of the
discovery of plant extracts with high antibacterial potential, useable separately or in combina-
tion with otherwise inefficient classical antibacterial therapies.

Multidrug Resistance in Zoonotic Pathogens: Are Medicinal Plants a Therapeuthic Alternative?
http://dx.doi.org/10.5772/intechopen.81703

103



Enterobacter aerogenes, Escherichia coli, Staphylococcus aureus) and susceptible collection strains
(Staphylococcus aureus ATCC 6538, Salmonella choleraesuis ATCC 10708; Pseudomonas aeruginosa
ATCC 15442), the authors indicated that clove (Caryophyllus aromaticus) and jambolan (Syzygium
jambolanum) were the strongest inhibitors (64.2 and 57.1%) of the used bacterial strains. Further-
more, their activity was the most remarkable (83.3%) against the germs resistant to antibiotics,
where their synergistic activity with the antibiotics was also observed. Interestingly, plants such
as sage and yarrow, well known for their antiseptic properties, showed no effect on the tested
MDR bacteria. Some of the plants showed in specific cases a homeopathic-like effect, i.e., clove,
jambolan, pomegranate, and thyme extracts, when used in lower concentrations but combined
with ineffective antibiotics against Pseudomonas aeruginosa [26, 27, 29, 83, 84].

Name Extract type In vitro
efficacy against

Strain
origin

Evaluation
method(s)

Mechanism(s)
of action

References

Syzygium aromaticum and
Cinnamomum >
Mentha spicata L. and
Coriandrum sativum L. >
Allium sativum L. and
Nigella
sativa L.

Ethanolic
extracts

MDR E. coli Retail
chicken
meat
samples

Broth
microdilution

Not
determined

[87]

Olea europaea Ethanolic
extracts

E. coli O157:H7
S. enteritidis

Reference
laboratory

Broth
microdilution

Inhibition of
the biofilm
formation for
S. enteritidis

[16]

Origanum
vulgare > Thymus zygis
Thymus mastichina

Essential oils E. coli,
Salmonella essen,
Salmonella
enteritidis,
ETEC,
Salmonella
choleraesuis,
Salmonella
typhimurium

Poultry
swine

Broth
microdilution

Not
determined

[88]

Melissa officinalis > Thymus
vulgaris and Salvia
officinalis

Essential oils Staphylococcus
aureus, E. coli
Salmonella
Enteritidis

Bovine Disc
diffusion
broth
microdilution

Not
determined

[89, 90]

Allium sativum L.,
Elwendia persica (Bunium
persicum), Oryza sativa L.
and Triticum aestivum L.

Ethanolic
extracts

Staphylococcus
aureus, E. coli

Bovine Disc
diffusion
broth
microdilution

Not
determined

[91]

Achyranthes aspera L.,
Ficus carica, Malva
parviflora, Vernonia species,
Solanum hastifolium,
Calpurnia aurea Benth,
Nicotiana tabacum L.,
Ziziphus spina-christi,
Croton macrostachyus

Hydroalcoholic
extracts

S. aureus Bovine Disc
diffusion
broth
microdilution

Not
determined

[92]

Table 1. Herbal extracts demonstrated to inhibit MDR zoonotic strains of animal origin.

Antimicrobial Resistance - A Global Threat102

Other well-known plants, which share immunological activity, from Compositae family, were
further investigated for their antibacterial effects, following the principle of “the more the
merrier.” Echinacea, a popular plant in human medicine for its immune-stimulating and
antiviral effects, also acts as an inhibitor for both tissue and bacterial hyaluronidase. This
activity was considered to hinder the development and spreading of infection from localized
to generalized [23, 24].

Another plant family, the Lamiaceae, has numerous examples of species with antibacterial
activity. The investigation of their antibacterial activity against MDR, extended spectrum
beta-lactamase-positive (ESBL), Gram-negative clinical isolates (A. baumannii, K. pneumoniae,
E. coli, P. aeruginosa) of ethanolic extracts of Mentha sp., Ocimum basilicum, Plectranthus barbatus,
and Rosmarinus officinalis, indicated that the minimal inhibiting concentration ranged from 0.5
to 2 mg/mL, while all extracts were effective against at least two of the tested bacteria [85].

Another plant from Lamiaceae with a less investigated antibacterial influence was considered
as a potential therapeutic resource in bovine mastitis. Mastitis, one of the most economically
impacting diseases of dairy cows due to subclinical status and difficult diagnosis, is heavily
treated with antibiotics, leading to MDR in the involved bacterial strains. The lesser antibiotic
efficacy, therefore, demands for therapeutic alternatives. In a study on the antimicrobial
effectiveness ofMelissa officinalis on the subclinical mastitis, microbiome carried out on several
Romanian dairy farms ([93]), a variety of bacteria (S. sciuri, Shigella spp. S. lentus, Acinetobacter
baumannii, Chryseomonas luteola, Enterobacter cloacae, Escherichia vulneris, etc.) were isolated
with an MAR index up to 0.8 against amoxicillin+clavulanate, amoxicillin, chloramphenicol,
cefoperazone, ciprofloxacin, and oxytetracycline. The Melissa tincture was less effective than
the same plant essential oil (11.3 � 3.6 versus 12.3 � 4.3 mm), but comparable to amoxicillin,
amoxicillin/clavulanic acid, and was higher than cefoperazone (total resistance). The efficacy
depended more on the strain than on the solvent type also suggesting a therapeutic alternative
to antibiotic treatment, as mentioned in the literature [86].

Most of the studies were carried out using reference strains, especially in case of the initial
screening, but more recently, such assays also include clinical strains, both antimicrobial
susceptible and resistant. Table 1 summarizes relevant data on the ability of herbal extracts to
inhibit MDR zoonotic strains of animal origin.

5. Conclusions

In spite of extensive research carried out on healing effects of plants, antibacterial effects
included, the subject is far from being closed, the high variety of plant species providing a
strong support for investigation. Although numerous researchers deal with the effects of
individual compound against bacteria, those extracts containing multiple active substances
and exerting simultaneously antibacterial and immune-enhancing effects are favored. Veteri-
nary and zoonotic pathology, due to the presence of MDR bacteria, could equally benefit of the
discovery of plant extracts with high antibacterial potential, useable separately or in combina-
tion with otherwise inefficient classical antibacterial therapies.
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Abstract

The upsurge of resistance in classes of antibiotics in varied bacterial species has increased 
the search for alternatives to antibiotics in bacterial infections. However, one alterna-
tive is the beneficial bacteria in foods, environment and gut. Probiotics is now being 
embraced as an alternative strategy to combat antibiotic resistant pathogens. A newer 
application is gut microbiota in its healthy state combating pathogenic and antibiotic 
resistant microbes. There have been numerous applications of beneficial bacteria against 
different infectious agents. This article describes the concept of beneficial microbes as 
antimicrobial agents with current applications as antimicrobial agents, various applica-
tions in the human gut with future directions.
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1. Introduction

Microorganisms exist from where we can imagine to places we least expect e.g. outer space 
and the dead sea. Much of the global atmospheric oxygen is as a result of microbial activity 
[1]. They also maintain the gut health by regulating the microflora, stimulating the develop-
ment of the immune system, production and enhancement of some important nutrients [2] 
and there seem to be a natural interdependence of life on microorganisms.

At the time of antibiotic discovery, Fleming looked into the future and foresaw that antimi-
crobial resistance would be a challenge, and he gave a subtle warning about the potential 
impact of sub-optimal dosage in fostering antimicrobial resistance during his Nobel laureate 
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acceptance speech. Unfortunately, about 10 years after Penicillin was discovered, Fleming’s 
fears were confirmed when penicillin-resistant pathogens emerged. Since then (and for more 
than half of a century later), the discovery of a novel antibiotic has always been accompanied 
by the eventual emergence of antibiotic-resistant strains due to regular and inappropriate 
usage of antibiotics by humans [3]. Antimicrobial drug resistance is a global threat to pub-
lic health and human activities contribute significantly to the selection of resistant strains 
through non prudent use of these antimicrobial agents giving rise to the development of a 
generation of antimicrobial resistant mutants circulating in the biosphere [3]. Unfortunately, 
resistance has eventually been seen to nearly all antibiotics that have been developed [4].

2. Probiotics

“Probiotics are live microorganisms which when administered in adequate amount confer 
a health benefit on the host” [5]. The concept of probiotics evolved from the work of Elie 
Metchnikoff in the early twentieth century when he observed that certain beneficial microbes 
particularly lactic acid bacteria in milk consumed by peasant Bulgarians were responsible for 
their longevity. Lactic acid bacteria and Bifidobacteria are the most commonly used organ-
isms as probiotics, although some other bacteria such as Escherichia coli Nissle 1917 [6] and 
yeast such as Saccharomyces boulardii are also used [7]. Lactobacillus spp. being an integral part 
of the intestinal microflora having earned the “Generally Regarded as Safe“ status are the 
most successful probiotic candidates. Lactic acid producing bacteria are known to possess 
various health benefits such as anti-cancer activity, lowering of serum cholesterol, lactose 
intolerance alleviation, prevention of antibiotic related diarrhea, stimulation of the immune 
functions, antimicrobial activity against resistant pathogens [8, 9] prevention and treatment of 
Inflammatory bowel disease [10], respiratory viral infection [11]. Recently, Lactobacillus spp. 
have also been reported to have beneficial effects in patients suffering psychological disor-
ders, such as depression and anxiety [12–14]. Probiotics have been proposed to exert health 
benefits through several mechanisms [15], these include enhancement of the epithelial barrier, 
increased adhesion to intestinal mucosa, and concomitant inhibition of pathogen adhesion, 
competitive exclusion of pathogenic microorganisms, production of antimicrobial substances 
and modulation of the immune system. For example, E. coli Nissle 1917 has been used as an 
alternative treatment option of Ulcerative colitis—a chronic intestinal disease [16]. Generally, 
LAB and probiotics augment the antagonistic activity of the gut commensals against infec-
tious agents, including the opportunistic pathogen Clostridium difficile that is implicated in 
antibiotic-associated diarrhea [17]. Other probiotics have been confirmed to prevent intestinal 
infections (such as stomach infections caused by Helicobacter pylori) and extra-intestinal infec-
tions (such as infections of the respiratory tract). This way, the spread of antibiotic resistance 
diminishes drastically, and the gut microbiota structure and overall health of the host is 
restored. This bodes well for the future of the human race. The probiotic properties are strain 
specific and cannot be extrapolated to other strains of the same species, also the organisms are 
to be administered live hence, they must be safe and produce the desired beneficial effect [18].
There are critical guidelines on the minimum requirement for the selection of probiotic strains 
as recommended by Food and Agricultural Organization of the World Health Organization 
[5] and can be summarized as;
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2.1. Identification of genus, species and strain

Since the probiotic property is a strain specific attribute, it will be important to link specific 
health benefit to a particular strain and also for epidemiological surveillance purposes, the 
proposed microorganism must be identified to the strain level, the strains should be correctly 
identified using both phenotypic and genotypic methods and deposited in an internationally 
recognized culture collection [19], molecular methods such as DNA/DNA hybridization and 
16S rRNA gene sequencing are suggested for strain identification.

2.2. Assessment of safety

Selected strain must be non-pathogenic, non-haemolytic and non-toxic in the intended host. 
They must be safe and qualify for the qualified presumption of safety (QPS) as stipulated 
by European Food Safety Authority. The antibiotic resistance susceptibility pattern includ-
ing the MIC to antibiotics of medical importance should be determined, the intended strain 
should not possess antimicrobial resistance determinants [18]. Probiotic strains should also be 
assessed for metabolic activities such as production of D-lactate and bile salt deconjugation. 
Assessment of toxin production should be done for microbial strains that belong to species 
that are known to produce mammalian toxins. The demonstration of lack of infectivity of 
the probiotic strain in animals with deficient immune functions will further substantiate the 
safety profile of such strain. A post market epidemiological surveillance of adverse effects in 
the host is also an important safety requirement.

2.3. Functional considerations

2.3.1. Resistance to bile salt and gastric conditions

Probiotic strains intended for oral administration must be able to survive passage through the 
gastrointestinal tract of the host, where they will encounter an hostile condition characterized 
with low pH and bile salt and must survive in adequate amount to confer health benefit on the 
host. Lactic acid bacteria isolated from the guts tends to better survive this route than those 
isolated from other sources [9].

2.3.2. Ability to adhere and colonize the epithelial cells and tissues

The ability of the probiotic strain to adhere to intestinal mucosa and epithelial cells is an 
important characteristic for its colonization and survival in the host. Successful coloniza-
tion of the intestinal mucosa by probiotics is important for immune modulation and inhibi-
tion of pathogens by competitive exclusion. Microorganisms that have poor adherence to 
epithelial cells will easily be washed away and unlikely to colonize the host for a probiotic 
effect [9].

2.3.3. In vivo validation of health benefits

Probiotics must be able to exert health benefits through their activities in the host, in vitro 
tests to predict the health benefits to host may not be sufficient. In vivo experiments should be 
carried out to validate in vitro health benefit potentials.
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2.4. Overview of approved probiotic strains currently used

Health agencies in different countries have specific microorganisms approved as probiot-
ics. For example, Health Canada approves the use of Lactobacillus johnsonii La1, Lj1, or NCC 
533 strains (to treat Helicobacter pylori infections), Lactobacillus rhamnosus GG (for prevention/
management of antibiotic-associated diarrhea), and Saccharomyces boulardii/S. cerevisiae (for 
prevention/management of antibiotic-associated diarrhea) in doses of ≥107 colony forming 
units (CFU) daily [20]. Other probiotics strains has also been approved by Health Canada [20].  
US FDA also have a comprehensive list of approved probiotic metabolites for use as food 
ingredients or additives after they have been certified as GRAS e.g. Streptomyces natalensis and 
Streptomyces chattanoogensis in Natamycin [21]. A probiotic strain is usually identified with 
internationally approved methods; by the genus, species, subspecies (where applicable), and 
the specific strain designated with an alphanumeric identity e.g. Lactobacillus casei DN-114. 
Probiotic strain designation is vital, since health benefit(s) to the host must be linked to the 
particular strain or a combination of strains and these benefits are strain specific. The WHO/
FAO guideline stipulates that probiotic strains should be registered in an internationally rec-
ognized culture collection [5].

Lactobacillus and Bifidobacteria species are the most commonly used probiotic microorgan-
isms, however, some strains of Escherichia coli, Bacillus species and the yeast Saccharomyces 
boulardii are also used. Recently, Clostridium butyricum was also approved for probiotic use in 
European Union [22].

2.5. Challenges encountered in formulation and use of probiotics

Due to the well-known benefits of probiotics, food companies incorporate probiotics into 
foods (termed functional foods) for greater marketability [23]. However, there is always a ten-
dency for these probiotic strains to be lost or greatly reduced in number and viability during 
food processing and/or storage such that the purported health benefit is eventually lost. Thus, 
probiotic instability is one challenge faced by food formulators and manufacturers that intend 
to incorporate probiotic strains into their product. The shelf life is mostly unpredictable, so 
much that excess of up to 200% viable cells are added in probiotic products to make-up for 
cells that die before it reaches the consumer, this makes backing up label claims difficult and 
also increases the production cost. Manufacturers also have to prove that the probiotics will 
still remain stable and viable within the human body in adequate amounts until they reach 
the gut where their impact is the greatest [23].

2.6. Antimicrobial activities against pathogens

The ability of the proposed probiotic strain to produce antimicrobial substances against 
pathogens is an important consideration in the selection of probiotic strains. Lactic acid bacte-
ria produce antimicrobial metabolic compounds during lactic fermentation such as hydrogen 
peroxides, organic acids such as lactic, acetic and propionic acid. Bacteriocins and other pro-
teinaceous inhibitory substances are also produced by some probiotic organisms [24].

Antimicrobial Resistance - A Global Threat116

2.6.1. Organic acids

The end product of fermentation of lactic acid bacteria include organic acids such as lac-
tic acid, acetic acid, propionic acid, butyric acid etc. which reduces the pH of their growth 
medium and thus makes it unfavorable for the growth of other competing microorganisms. 
The organic acids exert their antimicrobial activity by interfering with the integrity of the 
cell membrane, inhibition of various metabolic functions and active transport, lowering of 
intracellular pH [25].

2.6.2. Hydrogen peroxide

Lactic acid bacteria do not utilize the cytochrome system as a result of lack of the heme group 
and thus cannot reduce oxygen to water leading to the production of hydrogen peroxide from 
the action of flavoprotein oxidases or NAD peroxides. The hydrogen peroxide is produced in 
amount capable of bacterial antagonism particularly against species which lack catalase per-
oxidase. Free radicals such as hydroxyl radical and superoxides which can damage bacteria 
DNA may also have hydrogen peroxide as precursor for their production. Lactic acid bacteria 
had been reported to produce hydrogen peroxide as part of its inhibitory mechanisms [9].

2.6.3. Bacteriocin

Some lactic acid bacteria produce small, heat-stable, ribosomally synthesized inhibitory 
bioactive peptides produced during their primary phase of growth called bacteriocin. Many 
bacteriocins exhibit a narrow spectrum of antimicrobial activity, particularly against bacteria 
strains of species related to the bacteriocin producing species while some display activity 
across a variety of different bacteria genera. Bacteriocins exhibit a wide diversity as regards 
their structure, size, mechanism of action, inhibitory spectrum and target cell receptors [26]. 
Most of the bacteriocins produced by LAB appears to have a narrow spectrum of antimicrobial 
activity, however nisin and pediocin are known to exhibit a broad antibacterial spectrum [23]. 
Bacteriocins are easily degraded by proteolytic enzymes particularly by those produced by 
the guts of mammals which make them safe for human use [27]. Generally, bacteriocins can 
be sub-divided into three classes according to their structure and mode of antibacterial action. 
Class I bacteriocins include nisin, which is active against Gram positive bacteria including food 
spoilage and pathogenic microbes. Nisin has a pentacyclic structure composed of 34 amino 
acids with one lanthionine residue (Ring A) and four beta-methyllanthionine residues (rings 
B, C, D, E), heat stable at 121°C but becomes less heat stable on prolong heating, especially 
between pH 5 and 7 [27]. Bacteriocin has proven to be an efficient natural antimicrobial agent 
against pathogens and food spoilage bacteria, including Listeria monocytogenes, Staphylococcus 
aureus, Bacillus cereus and Clostridium botulinum [28].

Enterocin X, plantaricin A and lactococcin G are class 2b bacteriocins commonly produced by 
Enterococcus faecium and lysostaphin, enterolysin A, helveticin J are common class 3 bacterio-
cins produced by Lactobacillus helveticus, they are heat stable with a large molecular weight 
of more than 30 kDa [29]. Nisin is the only bacteriocin that has been officially approved for 
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use in the food industry [30], class II bacteriocins are relatively small, heat-stable and contain 
peptides while Class III bacteriocins are heat stable and also have a relatively large molecular 
weight [27]. The classes of bacteriocins produced by Gram-positive beneficial bacteria include 
lantibiotics and non-lantibiotic heat stable proteins [31] while Gram-negative bacteria pro-
duce colicin and microcin [32].

2.6.4. Prebiotics

Prebiotics are non-digestible food products that increase the relative abundance of beneficial 
microorganisms in the gut when ingested. Similar to the influence of complex plant polysac-
charides on the gut microbiota composition and beneficial metabolite production, prebiotics 
enhance the production of short chain fatty acids such as butyrate—a metabolite that serves 
as an energy source for colonic epithelium. Examples of prebiotics used include inulin, fruc-
tooligosaccharides, and galactooligosaccharides, Some of these prebiotics are found naturally 
in foods (such as barley, wheat), and in garlic and raw onions. These prebiotics have been 
applied in malnourished Thai children and children from certain countries in Africa [33], 
South America and Europe in order to improve the adsorption of calcium as well as improve-
ment of growth [34].

3. Synbiotics

Synbiotics is a term used for the combined use of probiotics and prebiotics to achieve a more 
efficient impact on the gut microbiota [34]. This concept surfaced in order to tackle possible 
difficulty of the probiotics to establish itself in the gut. In this case, prebiotics and probiotics 
are co-administered in order to improve the growth/relative abundance and establishment 
of probiotics in the gastrointestinal tract of its host. The probiotic strains used in conjunction 
with prebiotics include Lactobacilli and Bifidobacilli, while the prebiotics used along with 
probiotic strains include inulin, galactooligosaccharide, and fructooligosaccharide. The com-
bination of probiotics and prebiotics in therapy helps to give stability to the gut microbiota, 
which translates to overall health of the host’s gut and the host in general. This combination 
also helps to enhance antimicrobial activity, and the combined effect includes; competition 
with the pathogen for adherence sites, production of metabolites that are toxic to the patho-
gens, production of compounds that degrade toxins produced by the pathogens, obstruction 
of attachment sites and toxin receptors, and modulation of the immune system to respond 
effectively to pathogen invasion [35].

4. Antimicrobial potentials of beneficial microbes against antibiotic 
resistant strains

The antimicrobial activities of beneficial microorganisms particularly lactic acid bacteria iso-
lated from various sources against pathogens have been reported by many authors [7, 36]. 
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Afolayan et al. [37] isolated lactic acid bacteria from different variety of “Ogi” a fermented 
cereal in western part of Nigeria with antimicrobial activities against various gastrointestinal 
pathogens. Shigella spp. are enteric pathogens which cause dysentery and diarrhea and are a 
leading cause of gastroenteritis- associated deaths in about 3–5 million under 5 years old chil-
dren in developing countries [38, 39]. Lactic acid bacteria strongly inhibited gastrointestinal 
E. coli in co culture [40]. Cell free supernatant of Lactobacillus casei isolated from traditional 
yoghurt and milk was reported to strongly inhibit multi-drug resistant Shigella sonnei and 
S. flexneri [39], and also starter cultures in Nigerian yoghurt and the yoghurt itself has been 
reported to have strong inhibitory effects on gastrointestinal pathogens [41]. Salmonellosis 
contributes significantly to global morbidity and mortality. There are about 93.4 million cases 
of salmonellosis worldwide resulting in 155,000 death annually [42], Lactobacillus spp. with 
antimicrobial activity against Salmonella typhi were isolated by Abdel-Daim et al. [43] and in 
vivo anti-salmonella activities of lactobacilli has also been reported by Casey et al. [44] in pigs. 
Antimicrobial activities of lactic acid bacteria has also been reported against Pseudomonas 
aeruginosa, Providencia vermicola, Alcaligenes faecalis and MRSA in co culture [45].

The increasing emergence of antibiotic resistant uropathogens, yeast infection and recurrent 
infection has necessitated special interest in the antibacterial activity of lactic acid bacteria 
against uropathogens [46]. There are increasing scientific evidences that LAB can prevent 
the growth and attachment of pathogens to epithelial cells [47]. It was reported by Adeniyi 
et al. [48] that lactic acid bacteria isolated from various Nigerian based fermented foods 
exhibited varying antimicrobial activity against organisms implicated in urinary tract infec-
tions. Weissella spp. isolated from African fermented food and cow intestine demonstrated 
significant inhibitory activity against multi drug resistant uropathogens [7]. Lactic acid 
bacteria isolated from a menstruating Nigerian woman was shown to have antimicrobial 
activity against an array of uropathogens; Escherichia coli, Proteus mirabilis 42P, Pseudomonas 
aeruginosa, Citrobacter freundii and Enterobacter cloacae [49]. The organic acid produced by lactic 
acid bacteria has been proven to be inhibitory to Neisseria gonorrhoeae [50]. The antibacterial 
activity of lactic acid bacteria isolated from selected Nigerian vegetables against Pseudomonas 
aeruginosa, Escherichia coli, Proteus penneri, and Enterococcus faecalis was published by Bamidele 
et al. [51]. Lactobacillus spp. have been reported to inhibit the growth of Candida albicans and 
prevent the relapse of yeast infection [52]. The metabolite of Lactobacillus plantarum strain N4 
was discovered to possess antiviral activities against coronavirus causing gastroenteritis [53], 
certain lactic acid bacteria have been suggested to be effective in reducing the severity and 
duration of acute rotavirus gastroenteritis [54].

5. Beneficial microbes in the gut; effects on antibiotic resistant 
strains

In the gut lies a community of beneficial microorganisms that have carved a niche and have 
evolved with humans over several generations—collectively known as the gut microbiota. 
Microorganisms that make up the gut microbiota include members of bacteria, fungi, viruses, 
archaea, and protists. Before the advent of next-generation sequencing technologies, very 
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little was known about the composition and functions of this microbial community, and as 
such were not thought as agents to be considered in health and disease. Now, we are just 
beginning to scratch the surface of the potentials of this novel ‘organ’, and its implication in 
the overall health of humans. It is referred to as an ‘organ’ because the gut microbiome (the 
gut microbiota, gut microbial genomes, and the living environment) is made of millions of 
bacterial cells that collectively weigh about 1.5 kg, possesses about 150 times more genes 
than human genes, and contribute significantly to human health. As a result of advances in 
research, scientists are beginning to appreciate the beneficial roles of gut microbes, and their 
symbiotic relationship with us, their host. Although previously thought to be responsible for 
the production of essential vitamins B and K alone, the gut microbiota has been discovered to 
be implicated in various aspect of human health, and its effects extend beyond the gastroin-
testinal tract through the release of biosynthesized metabolites (by the gut microbes) from the 
gut into the systemic circulation. For example, the response of immune cells to inflammation 
is modulated by the gut microbiota [55]. The effect of these metabolites extends even to the 
central nervous system where they influence behavior, mood, and emotions.

In the gastrointestinal tract, the gut microbiota protects the gut against invading pathogens 
by competing with them for nutrients and attachment site. Most of the antibiotic-resistant 
disease-causing infectious agents that invade the gastrointestinal tract are food-borne or 
water-borne, and they include Salmonella, Shigella, Campylobacter, and Listeria monocyto-
genes. On the other hand, the gut microbiota is dominated by members of the Firmicutes, 
Bacteroidetes, Proteobacteria, and Actinobacteria. Other less dominant bacterial phyla 
include the Fusobacteria, Tenericutes, Spirochaetes (differentially abundant in the gut of 
hunter-gatherers and rural individuals who consume plant-based foods), Elusimicrobia, and 
Verrucomicrobia. Prevotella—a member of the phylum Bacteroidetes—has also been found to 
be more abundant in individuals whose lifestyle resembles those of the Paleolithic (such as 
the hunter-gatherers) and Neolithic (such as the subsistence agriculturalists) era. Conversely, 
Bacteroides—another member of Bacteroidetes—is more abundant in populations that practice 
a westernized lifestyle, characterized by high-fat, low-fiber diet. Many of the gut commen-
sals such as Eubacterium, Ruminococcus, Roseburia, and Faecalibacterium are members of the 
Firmicutes that produce short-chain fatty acids (such as butyrate, acetate, and propionate) 
as a product of microbial fermentation (the breakdown of complex polysaccharides), and 
these acids diminish diarrhea and gastrointestinal inflammation. These short chain fatty 
acids (SCFA) also create a harsh environment for the colonization of invading gastrointestinal 
pathogens by the reduction of intestinal pH. Other pathogen-inhibiting metabolites produced 
by gut commensals include phenols, ammonia, bacteriocins, and ammonia [56].

The composition of the gut microbiota can be positively or negatively affected by dietary habits 
and other lifestyle factors, the use of antibiotics, age, the state of health, and surgery amongst 
other factors [57]. The regular consumption of a fiber-rich, plant-based diet improves the com-
positional profile of the gut microbiota in terms of richness and diversity, and also improves the 
functional capabilities of the members of the gut microbiota. Good lifestyle practices such as 
the consumption of fiber-rich foods and fruits increases the relative abundance of beneficial gut 
microbes which produce metabolites that are responsible for overall gut epithelial health [58].  
The impact of diet on the stability of the gut microbiota cannot be overemphasized. This is 

Antimicrobial Resistance - A Global Threat120

because an imbalance in the structure of the gut microbiota is a risky phenomenon in the 
development of gastrointestinal and extra-gastrointestinal diseases. Antibiotics do not differ-
entiate between beneficial bacteria and pathogenic bacteria, and as such, there is a significant 
decrease in the richness and diversity of the gut microbiota after antibiotic administration. 
This places a fatal dent on gut microbiota stability and creates an environment for opportunis-
tic pathogens such as antibiotic-associated Clostridium difficile to thrive resulting in diarrhea. 
Dysbiosis (impairment in the natural balance) of the gut microbiota has been associated not 
only with the risk of antibiotic-associated diarrhea, but a plethora of other diseases such as 
type 2 diabetes, cancer, obesity, inflammatory bowel diseases and irritable bowel syndrome 
[59]. Adulthood is generally characterized by a stable gut microbiota, with occasional shifts 
in gut microbial diversity due to change in dietary habits, medication, illness or travel. On the 
other hand, the gut microbiota of infants is quite volatile and changes rapidly depending on 
the mode of birth, whether they are breast-fed or formula-fed, and whether they have been 
weaned or not. By the age of 2–5 years, their gut microbiota begins to resemble that of a typi-
cal adult. At the tail end of life, age-related changes in physiology of the body and changes 
in dietary habits due to loss of dentition could have a negative impact on the gut microbiota 
thereby making it less stable [60]. At this age also, the use of medication is high because they 
are more prone to diseases and impairments, which could influence gut microbial profiles. All 
of these factors mentioned above have to be considered when designing strategies aimed at 
restoring or contributing to the natural balance of the gut microbiota.

6. Current applications

The beneficial role played by bacteria in ingested fermented foods was linked to increased 
longevity in Balkans [61]. The administration of probiotics has also reduced the shedding of a 
pathogenic serotype of E. coli (E. coli O157: H7) by farm animals, thereby reducing the spread 
of these resistant strains from animals to humans who handle them regularly [62]. Also, there 
is hope that probiotics wills soon replace antibiotics in the veterinary field to treat diseases of 
farm animals while enhancing the growth of these farm animals. This way, antibiotic-resistant 
zoonotic pathogens do not re-emerge and enter the food chain. Also, the cost of production 
and maintenance of livestock will drop significantly if probiotics are being utilized rather 
than antibiotics.

Researchers and clinicians are getting conscious of the fact that probiotics isolated from the 
host have a higher tendency to remain endogenous when administered than probiotics gotten 
from other sources. This fact informs their decision on the choice of probiotics to be adminis-
tered. Capsules of probiotics are sometimes used in concert with antibiotics to treat particular 
diseases with greater effect than if either of them (probiotics or antibiotics) was used alone 
[17]. This co-administration is done with the hope that this action will reduce antibiotic selec-
tive pressure, and decrease the emergence of drug-resistant pathogens. Currently, research 
is ongoing on the packaging of lyophilized lactic acid bacteria into capsules so that they can 
be used in the veterinary field (as probiotics) to inhibit the proliferation of zoonotic patho-
gens [36]. This method will limit the spread of diseases from animals to humans through 
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animal-derived products. Probiotics have been introduced into milk, formula, and other 
infant foods as a supplement, in order to improve the human gut microbiota stability and tap 
into the purported benefits of probiotics. The viability of probiotics is enhanced in its lyophi-
lized state within low-fat milk or fruit juice by food formulators and manufacturers [22]. The 
improvement of the viability of probiotic strains can also be achieved by microcapsulation—a 
formulation approach that employs the use of microcapsules to package solids, liquids, or 
gases where these contents could be released in a controlled manner under specific condi-
tions [22]. With this technique, the formulation, storage, and successful transport of probiotic 
strains to their destination in the gut is assured. Although probiotics are generally regarded as 
safe, there is a conscious effort to confirm that they do not carry and transfer genes conferring 
antimicrobial resistance, as this will defeat the purpose of probiotics usage [63]. By and large, 
the ultimate aim of the use of probiotics is to ensure the stability of the human and animal 
gut microbiota so as to take advantage of the symbiotic activity of the probiotic and the gut 
microbial community in the fight against multi-drug resistant gastrointestinal pathogens [8].

Probiotics are most commonly sold as foods or food supplements, powders, lozenges, tablets 
(could be chewable, enterocoated or not), sticks, capsules, bottle caps, sachets, stick packs, 
and oil suspensions (usually for babies) probiotic nasal spray and ointments have also been 
developed. Most probiotic products available in the market are dairy based foods, includ-
ing fermented milks, yogurts, cheese etc. The health claims on most probiotics labels tend 
to be general and such products are intended for the general healthy population. However, 
manufacturers, food companies, and the media have dispersed unproven information about 
the purported health benefits of probiotics even before a comprehensive clinical trial has 
been conducted to validate the efficacy, and the risk–benefit association In terms of probiot-
ics acceptability, although probiotics have been used in the food industries for decades, the 
discovery of novel strains and genetic manipulation of known strains (some of which are 
pathogenic) is usually accompanied with a mirror image of the consumer skepticism associ-
ated with the marketing of genetically modified foods.

Another current application of beneficial gut microbes is the method of fecal microbiota 
transplantation (FMT). Fecal microbiota transplantation is a technique that involves the 
reconstitution of the deliberately-emptied gut of gastrointestinal-diseased patients with the 
gut microbiota of healthy donor as a therapeutic alternative measure to antibiotic adminis-
tration for the restoration of the healthy gut microbiota [64]. This method has enabled the 
majority of those who have been suffering from antibiotic-associated diarrhea and inflam-
matory bowel diseases to lead a normal life after treatment. Although the filtered donor stool 
suspension can be passed into the gut of the recipient through rectal enema, nasoduodenal 
tube, or the nasogastric tube, colonoscopy is the most preferred method of stool suspension 
transfer. These donor stools could also be lyophilized and packaged into capsules, to be used 
in treating gastrointestinal infections. Stool banks are currently available in Europe and North 
America for the storage of tested, pathogen-free donor stools until they are needed by the 
medical practitioners [65]. Knowledge about the microbial composition of each donor stool 
and other components of the stool will also inform the medical practitioner and the patient 
on what to expect after transplantation. Due to the fact that the mental receptiveness of the 
fecal microbiota transplantation by the patient could have an effect on the effectiveness of this 
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procedure, and the fact that there is a risk of undetected pathogens/diseases transfer from 
the donor to the recipient, some scientists advocate for an alternative to FMT. They believe 
that isolation and identification of the key players in the restoration of gut microbiota balance 
will help in the design of a consortium of these microbial players. An artificial stool could be 
prepared using this donor-sourced purified consortium of gut bacteria which would then 
replace the use of the donor stools in a less risky, more efficient and more mentally-acceptable 
manner [66]. This burgeoning field is known as Microbial Ecosystem Therapeutics.

7. Future directions

As previously mentioned, MET is one proposed alternative to FMT. Apart from the fact that 
this procedure is less disgusting and less risky than FMT, it has the potential to be regulated 
and standardized more efficiently than FMT [67]. MET procedure involves the isolation, 
characterization, and screening of gut microbes (for antibiotic resistance, presence of viru-
lence determinants, etc.) from a healthy donor. Gut microbes that pass the screening test will 
then be recombined into a microbial ecosystem where their combined efforts and synergistic 
relationships will be more effective in tackling invasive enteropathogens and opportunis-
tic pathogens such as Clostridium difficile [68]. In the future, this consortium of synergistic 
gut microorganisms will be packaged and lyophilized in their live form into capsules and 
prescribed as a drug. MET is still in its infancy, and it also has to go through regulatory 
procedures just like a drug, and standardized before it is globally accepted for use in treat-
ing gastrointestinal diseases such as antibiotic-induced diarrhea as a therapeutic alternative 
measure to antibiotic administration. Nevertheless, it offers a promising and a more effective 
alternative to the use of FMT. Furthermore, since the exact composition of the consortium is 
defined, it will be easy to track the long-term effect of this potential drug on human health. 
Also, questions about the interaction between the consortium and the resident gut microbiota 
and their combined effect on the health of the human host will be answered in detail when 
this emerging procedure is studied in detail (which can be aided by adequate funding and 
government support) [67]. In the future, these studies will also open our eyes to the benefits 
MET has over FMT, and whether there are risks associated with the MET procedure. This 
information will give the medical community a holistic idea about the merits and demerits 
of the MET procedure, and will allow the medical practitioners (and patients) to make an 
informed decision on whether to use MET or stick to FMT or antibiotic administration (or a 
combination of either two of the three options, or combination of the three options). It will 
also be interesting to find out whether the MET procedure will be effective in the treatment of 
extra-intestinal diseases in the nearest future [67].

For the advancement of personalized medicine, another prospect is the use of antimicrobial 
peptides and/or nucleic acid-based methods to selectively kill pathogenic microorganisms in 
the gut without compromising the structure or function of the gut microbiota (a prominent 
demerit of antibiotics usage) [69]. Probiotic strains and the gut microbiota have also been 
thought of as reliable sources of new antimicrobial peptides and antimicrobials, such as bacte-
riocins [70]. This is because of the complex interaction between the microbial community and 
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animal-derived products. Probiotics have been introduced into milk, formula, and other 
infant foods as a supplement, in order to improve the human gut microbiota stability and tap 
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lized state within low-fat milk or fruit juice by food formulators and manufacturers [22]. The 
improvement of the viability of probiotic strains can also be achieved by microcapsulation—a 
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tions [22]. With this technique, the formulation, storage, and successful transport of probiotic 
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gut microbiota so as to take advantage of the symbiotic activity of the probiotic and the gut 
microbial community in the fight against multi-drug resistant gastrointestinal pathogens [8].

Probiotics are most commonly sold as foods or food supplements, powders, lozenges, tablets 
(could be chewable, enterocoated or not), sticks, capsules, bottle caps, sachets, stick packs, 
and oil suspensions (usually for babies) probiotic nasal spray and ointments have also been 
developed. Most probiotic products available in the market are dairy based foods, includ-
ing fermented milks, yogurts, cheese etc. The health claims on most probiotics labels tend 
to be general and such products are intended for the general healthy population. However, 
manufacturers, food companies, and the media have dispersed unproven information about 
the purported health benefits of probiotics even before a comprehensive clinical trial has 
been conducted to validate the efficacy, and the risk–benefit association In terms of probiot-
ics acceptability, although probiotics have been used in the food industries for decades, the 
discovery of novel strains and genetic manipulation of known strains (some of which are 
pathogenic) is usually accompanied with a mirror image of the consumer skepticism associ-
ated with the marketing of genetically modified foods.

Another current application of beneficial gut microbes is the method of fecal microbiota 
transplantation (FMT). Fecal microbiota transplantation is a technique that involves the 
reconstitution of the deliberately-emptied gut of gastrointestinal-diseased patients with the 
gut microbiota of healthy donor as a therapeutic alternative measure to antibiotic adminis-
tration for the restoration of the healthy gut microbiota [64]. This method has enabled the 
majority of those who have been suffering from antibiotic-associated diarrhea and inflam-
matory bowel diseases to lead a normal life after treatment. Although the filtered donor stool 
suspension can be passed into the gut of the recipient through rectal enema, nasoduodenal 
tube, or the nasogastric tube, colonoscopy is the most preferred method of stool suspension 
transfer. These donor stools could also be lyophilized and packaged into capsules, to be used 
in treating gastrointestinal infections. Stool banks are currently available in Europe and North 
America for the storage of tested, pathogen-free donor stools until they are needed by the 
medical practitioners [65]. Knowledge about the microbial composition of each donor stool 
and other components of the stool will also inform the medical practitioner and the patient 
on what to expect after transplantation. Due to the fact that the mental receptiveness of the 
fecal microbiota transplantation by the patient could have an effect on the effectiveness of this 
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procedure, and the fact that there is a risk of undetected pathogens/diseases transfer from 
the donor to the recipient, some scientists advocate for an alternative to FMT. They believe 
that isolation and identification of the key players in the restoration of gut microbiota balance 
will help in the design of a consortium of these microbial players. An artificial stool could be 
prepared using this donor-sourced purified consortium of gut bacteria which would then 
replace the use of the donor stools in a less risky, more efficient and more mentally-acceptable 
manner [66]. This burgeoning field is known as Microbial Ecosystem Therapeutics.

7. Future directions

As previously mentioned, MET is one proposed alternative to FMT. Apart from the fact that 
this procedure is less disgusting and less risky than FMT, it has the potential to be regulated 
and standardized more efficiently than FMT [67]. MET procedure involves the isolation, 
characterization, and screening of gut microbes (for antibiotic resistance, presence of viru-
lence determinants, etc.) from a healthy donor. Gut microbes that pass the screening test will 
then be recombined into a microbial ecosystem where their combined efforts and synergistic 
relationships will be more effective in tackling invasive enteropathogens and opportunis-
tic pathogens such as Clostridium difficile [68]. In the future, this consortium of synergistic 
gut microorganisms will be packaged and lyophilized in their live form into capsules and 
prescribed as a drug. MET is still in its infancy, and it also has to go through regulatory 
procedures just like a drug, and standardized before it is globally accepted for use in treat-
ing gastrointestinal diseases such as antibiotic-induced diarrhea as a therapeutic alternative 
measure to antibiotic administration. Nevertheless, it offers a promising and a more effective 
alternative to the use of FMT. Furthermore, since the exact composition of the consortium is 
defined, it will be easy to track the long-term effect of this potential drug on human health. 
Also, questions about the interaction between the consortium and the resident gut microbiota 
and their combined effect on the health of the human host will be answered in detail when 
this emerging procedure is studied in detail (which can be aided by adequate funding and 
government support) [67]. In the future, these studies will also open our eyes to the benefits 
MET has over FMT, and whether there are risks associated with the MET procedure. This 
information will give the medical community a holistic idea about the merits and demerits 
of the MET procedure, and will allow the medical practitioners (and patients) to make an 
informed decision on whether to use MET or stick to FMT or antibiotic administration (or a 
combination of either two of the three options, or combination of the three options). It will 
also be interesting to find out whether the MET procedure will be effective in the treatment of 
extra-intestinal diseases in the nearest future [67].

For the advancement of personalized medicine, another prospect is the use of antimicrobial 
peptides and/or nucleic acid-based methods to selectively kill pathogenic microorganisms in 
the gut without compromising the structure or function of the gut microbiota (a prominent 
demerit of antibiotics usage) [69]. Probiotic strains and the gut microbiota have also been 
thought of as reliable sources of new antimicrobial peptides and antimicrobials, such as bacte-
riocins [70]. This is because of the complex interaction between the microbial community and 
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its host, especially in the production of metabolites that are active against a narrow spectrum 
and a broad spectrum of invasive pathogens. Nanotechnological and genetic engineering 
approaches could widen the precision and spectrum of activity of bacteriocins in future, mak-
ing them the next generation of antimicrobials [71]. If these products can be utilized, they 
can effectively guard against antimicrobial resistance (in addition to the maintenance of gut 
microbial homeostasis) and can serve as therapeutic alternatives in the treatment of inflam-
matory bowel diseases, irritable bowel syndrome, colorectal cancer, and extra-intestinal 
diseases such as diabetes. Scientists believe that probiotics will replace antibiotics as drugs 
vetted by the FDA and European regulatory bodies in the nearest future. This laudable goal 
is dependent on the correct identification of probiotic strains (with the aid of next-generation 
sequencing technologies), the palatability of these strains to the sensory organ, validated stor-
age and transport of intact cells to the gut (via microencapsulation approaches, or functional 
foods, and the fulfillment of all requirements and validation of all necessary stages for its 
approval as a new drug [72].

There is also a proposal that gut microbes can be genetically engineered so that they possess 
characteristics that detect what food is present in the gut, monitor inflammation, detect and 
fight against gastrointestinal pathogens thereby reducing reliance on antibiotics, and exert 
extra-intestinal effects such as the regulation of behavior and mood and treatment of cancer 
[73]. Genetically engineered microbes have been reported to be effective against Vibrio cholerae 
in mice especially when this pathogen was ingested 8 hours after the administration of the 
genetically engineered microbe [74]. There are still many ongoing trials seeking to manipu-
late and monitor the activities of genetically-engineered microbes in the gut, albeit in animal 
models. These microbes have to be tested for their safety and their ability to be fit enough to 
endure gastrointestinal conditions (stomach acid and bile) and successfully colonize the host’s 
gut [75]. There is also the fear about the effect of horizontal recombinant gene transfer on the 
natural gut commensals. Although microbiome engineering is challenging, it is expected that 
this strategy will be less expensive and more effective than the traditional methods of gastro-
intestinal and other extra-intestinal disease control if achieved [76]. The major goal of genetic 
manipulation of gut microbes is to improve the health of humans.

8. Conclusions

One of the most effective ways to reduce the abundance of multi-drug resistant pathogens is 
with the use of beneficial microorganisms and/or their metabolites, analogous to the  effective 
environmentally-friendly biological method of eliminating stubborn pests in farmlands by 
agriculturalists. The benefits of the gut microbiota are being constantly unraveled as advanced 
next-generation sequencing techniques arise. The field of microbio-therapeutics is steadily 
growing. Harnessing the potentials of these microbes is paramount to making the world a 
healthier and better place to live.
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